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Tihe most massive, luminous stars in the galaxy...

...nave poweriul radiation-driven stellar winds.




Tthe Chandra X-ray Observatory: (artist’si conception)
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Model off windi x-ray emission; and albsorption (Visualization: left;
resultant X-ray emission line profile: right; data: inset)




TThe basic wind-profile model

key parameters: R, & -

j~ p? forR.>R,

=0 otherwise




C Pup: Fe XVIl line at 15.014 A - Chandra
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Major science result: less albbserption than expected - stellar wind mass-loss
rates have been overestimated (Roban Kramer, ‘03); Kramer, Cohen,, &
Owocki, Ap.J., 592, 582; Cohen et al., MINRAS, 368, 1905.




We've been making theoretical models
oft wind clumping and analyzing its
effect on x-ray line profiles.

Owocki & Cohen, Ap.J., 648, 565
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Where h, the porosity
length’ Is the key.
parameter; £ is the
clumpisize andi 7is the
volume iraction filled
by clumps
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C Pup (OA4 |): cooler plasma, broad emission lines

Cohen, JAU Symposium 250, Cambridge Univ. Press, 2008



e
=

e e
&= W

e
o

Count Rate (counts s™' A™)

e

L

e
=)

Count Rate (counts s™' A™)

>

Si Xl

ratio Is temperature sensitive

10
Wavelength (A)

10
Wavelength (A)




The young O star — 6" Ori C — is hotter
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Creating an X-ray photeionized nebula in the laboratory:

Imploding| wire: array: experiments on the Z-machine at
Sandia National [Laboeratory

Absorption Spectra Comparison

——— Measured Spectrum
——— Canonical Z543 Spectrum

Wavelength (Angstroms)




Using x-ray' and UV spectroscopy. to diagnose
the plasma temperature and kinematics




Temperature and Flow Measurements During Magnetic Reconnection at SSX

Vernon H. Chaplin, Jason Horwitz, Michael R. Brown, and David H. Cohen
Department of Physice and Astronomy, Swarthmore College, Swarthmore, Pennsylvania 19081

Chris D. Cothran
Department of Physics and Astronomy, Swarthmore College, Swarthmore, Pennsylvania 19081 and
Department of Physics and Astrnomy, Haverford College, Haverford, Pennsylvania 19041

Temperature and flow measurements during counter-
helicity spheromak merging studies at the Swarthmore
Spheromak Experiment (85X [M. . Brown, Phys. Plas-
mas 6, 1717 (1999)] are presented. Low-resolution spec-
troscopy using a four-filter soft x-ray detector (SXR) iz
supplemented by VUV monochromator measurements of
impurity emission lines. Comparison of these data with
model spectra produced by the non-LTE excitation kine-
matics code PrismSPECT [reference for PrismSPECT]
yields the electron temperature in the plasma with 1 ps
time resolution. C 111 temperature, measured with an
ion Doppler spectrometer (IDS) [C. D. Cothran et al.,
Rev. Sci. Instrum. 77, 063504 (2006)] is seen to increase
from 20-30 eV to 80-100 eV during spheromak merging.
However, evidence for electron heating during magnetic
reconnection is minimal: SXR and VUV line ratio mea-
surements both yield T, = 30 eV on average. Mach probe
measurements imply azimuthal bulk plasma flow veloc-
ities reaching 10 km/s during reconnection, confirming
the presence of bidirectional jets as detected previously
by IDS [M. R. Brown et al,, Phys. Plasmas 13, 056503
(2006)]. The VUV emission line measurements are also
used to constrain the concentrations of various mmpuri-
ties in the SSX plasma, which appear to be dominated
by carbon.

I. INTRODUCTION

Magnetic reconnection is the process driving the dy-
namics in spheromak merging and relaxation [1] as well
as in several astrophysical scenarios [2]. During recon-
nection, magnetic energy is rapidly converted to electron
and ion heat, plasma flow, and energetic particle beams
[3, 4]. However, the partitioning of energy among various
chamnels is not fully understood. Spheromak dynamics
have been studied at the Swarthmore Spheromak Exper-
iment (SSX) in a number of geometries [2, 5-8]. We have
recently been studying spheromak merging in a prolate
0.4 m diameter, 0.6 m length, 3 mm wall copper flux
conserver at S5X (see Figure 1). In these experiments,
merging of a pair of counter-helicity spheromaks gener-
ates magnetic reconnection dynamics near the midplane.

Local and global magnetic structure of 55X sphero-
maks has been studied with up to 600 individual in-
ternal magnetic probes operated simultaneously at 1.25
MHz using a multiplexer system [9]. Line averaged
electron density is monitored with a quadrature HeNe
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FIG. 1: Schematic of S5X. A cross-section is shown—the device
is cylindrically symmetric about the horizontal axis in the
firure. Spheromak plasmas are formed in the guns on the
east and west sides of the vacuum chamber and ejected into
the main flux conserver. The arrows represent the lines of
gight of the VUV monochromator (red), and the soft x-ray
detector and ion Doppler spectrometer (blue). Mach probe
measurements are likewise made along the midplane. Arrays
of magnetic probes are shown as black lines in the fipure.
The contours represent the magnetic field lines of an FRC,
the plasma structure that forms when two counter-helicity
spheromaks merge. Figure modified from [6].

laser interferometer [3). We can scan density in a range
ng = 1 — 10 x 10 cm™®, and find a typical value
of 5 x 10" cm™®. SSX plasmas have temperatures
T. < T; = 80 eV, and typical magnetic fields of 0.1 T.
The plasma is fully ionized and fully magnetized, with
the ion gyroradius, py < [, where R = 0.2 — 0.25
m is the outer flux conserving boundary of the plasma
(defined by a cylindrical copper wall). The Liundquist
number S, the ratio of the resistive magnetic diffusion
time 7g to the Alfvén transit time 74, is large for SSX,
S =2 1000, Accordingly, the global structure of 55X
spheromaks is fully in the magnetohydrodynamic (MHD)
regime (S = 1, p, < R).

Because magnetic reconnection is dynamically three-
dimensional, it is often difficult to experimentally or ob-
servationally identify the reconnection site within the ex-
perimental volume or to determine whether the reconnec-
tion process has convected into the line of sight. In the
experiments reported here, spectroscopic data are line-
integrated over a 1 cm wide chord through a diameter
at the midplane for about 1 ps. In addition, an ensem-
ble of 20-30 discharges are typically averaged for each
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FIG. 3: Model spectra from steady-state simulations wicth T,
= 20 &V (top) and Ti = 40 &V (bottom). Both simulations
assume a uniform 40 em thick plasma composed of 00% hy-
drogen and 1% carbon with an ion density of 5 » 10'% cm ™2,
The temperature dependence of the Tor v /T 1ss line ratio is evi-
dent, as is the weakness of the C 111 229.7 nm line in the model
spectra (which we discuss in section VI) relative to the other
carbon lines. Note also the presence of the Lyman edge at
91.2 nm, indicating that radiative recombination of hydrogen
rather than bremsstralung is the dominant contimmm process
at work.

III. IMPURITY DETERMINATIONS
FROM VUV LINE MEASUREMENTS

Individual emission line atrengths are measured in 35X
using a vacuum ultraviolet (VUV) monochromator with
a focal length of 0.2 m. Photons enter the deviee throngh
a slit of adjustable width and strike a relective diffraction
grating, which selects and refocuses a narrow bandwidth
aroumd the desired central wavelength. Light leaving the
diffraction grating is directed through an exit slit of ad-
justable width and into an 800 V photomultiplier tube
(PMT). 500 pm was found to be the optimal exit slit
width, corresponding to a spectral resclution of 2 nm.
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FIG. 4: Simulated Terr/I1ss line ratio plotted as a function
of temperature for three different plasma densities. Note the
mild density dependence of this line ratic.
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FIG. 5: Carbon fonization balance vs. electron temperature
for an electron density of 5 = 10* em™2.

Signals from the PMT pass through a Stanford Research
Systems SR570 current amplifier and are registered at
10 ns intervals by an oscilloscope and transferred to a
computer using, LabView.

A wavelength calibration curve for the monochroma-
tor was constructed by finding the wavelength of peak
intensity of a number of impurity lines known to be visi-
ble in the SSX plasma (for example, lines that had been
observed with ion Doppler spectroscopy). However, in-
tensity calibration using a known plasma source has not
been carried out. By slowly scanning across the wave-
lengths aroumd each line, we have ensured that lines are
correctly identified and that measurements are made at
the line centers, but the possibility exists that a wave-
length dependence in the monochromator's intensity cal-

We calculate
model UN/x-ray.
spectra and
compare them;to
the data collectea
With: various
Spectrometers in
the SSX lab




Theoretical moedeling: computers, white board

Data (moestly high-energy: Spectroscopy): irom Space;
from the SSX lab (and the Z-machine at Sandia)
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