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ABSTRACT

Capella (d=13pc) was observed in the 170 & to 450 & band by a sounding
rocket borne spec’ﬁrometer with a spectral resolution of 35 K FWHM. Minimum
flux sensitivity varies with wavelength and a 20 upper limit is 0.25 and 0.6 pho-

2

tons em~2s~! at 180 & and 304 A respectively. The prominent stellar emission

line in this bandpass is He II 304 K. The Capella flux at earth in this line is

2571 in the absence of inter-

expected to be in the range 2.8 to 5.4 photons cm™
steliar extinction. Interstellar absorption was computed from the Copernicus
satellite measure of the neutral hydrogen column density, N(H D)=
1.2x108cm™2, towards Capella and a ratio of N(He I)/N(H 1)=0.1. The 50%

attenuation at 304 A results in a flux at earth of 1.4 to 2.7 phcm"zs"]‘

No significant Capella flux was detected in the bandpass despite inflight
verification of instrument’s sensitivity obtained from observations of the He II
304 A geocoronal emission. The most reasonable explanation for the absence of
the 304 A line is that absorption in the intervening medium exceeds that
predicted from N(He I) = 0.IN(H I). A lower limit to the Capella line of sight
N(He I) is determined from the 304 & observation. We find that N(He I)/N(H 1) is
greater than 0.4. A helium to hydrogen abundance ratio of 0.1 is retained if the
hydrogen ionization in the local interstellar medium (LISM) exceeds 60%.
Several models of the LISM which incorporate this ionization fraction are treated
for self consistency, as well as compatibility with observations of the tempera-
ture and ionization fraction of the interplanetary medium. The most plausible
model consists of a local, warm (10,000 K), gas embedding the solar system, sur-
rounded by a hot (10% » 10® K) plasma. Ionization of hydrogen in the warm

cloud must be maintained by a local interstellar radiation field.
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CHAPTER 1

1.1 Introduction

The advent of satellite borne x-ray telescopes has greatly increased the
sensitivity to low luminosity soft x-ray sources. Specifically, the capability now
exists of observing local stellar objecfs whose total x-ray luminosity (Z.) is not
much greater than solar (1027 ergs/s). A remarkable result of the recent High
Energy Astrophysical Observatory (HEAO I, Walter et al 1980) and Einstein
(Vaiana et al 1981) stellar surveys has been the detection of hot, coronal plas-
mas associated with stars occupying nearly every spectral class. Furthermore,
within a given spectral class, the ratio of x-ray to total luminosities can vary by
several orders of magnitude. The ubiquity of coronal phenomena and indications
that spectral class alone may not be the essential ingredient in determining
total L., were not anticipated by the widely accepted acoustic heating models
evolved to account for the solar atmospheric structure (Stein and Leibacher
1974, Ulmschneider 19'?9). Substantial revision in our understanding of the phy-

sics of coronal formation has been mandated.

The delineation of the detailed structure of the outer atmosphere is an
important aspect of the stellar coronal formation problem. This structure mani-
fests itself through spectral emission lines characteristic of the underlying tem-
perature, density, and physical processes in the region of formation. Soft x-ray
emission originates primarily in the corona where the temperature exceeds a
million degrees. Lines in the XUV (100 -> 1000 ﬁ) are copiously produced in a

10%- 108K plasma. EUV (1000 K - 2000 &) spectra primarily originate in regions



-2-

where the temperature ranges from 10% K to a few times 10° K. Measurements
of these spectra not only provide a data base against which future, comprehen-
sive models of atmospheric emission can be tested, but also are useful in isolat-
iﬁg those stellar parameiers which underlie the non-radiative heating processes
in the outer atmospheres of cool stars. Thus, observations will probably provide

substantial input to the direction of theoretical work.

To date the sun is the only star to have been extensively studied in the
entire 100 & to 2,000 & band. While recent spatially resolved studies of the solar
spectrum have allowed for some discerning of the differences in atmospheric
structure caused by magnetic fields and local activity levels, fundamental
parameters such as surface gravily, convective activity, surface magnetic fields
and rotation cannot be varied. Clearly there is considerable motivation to

encompass a wide variety of stellar objects in x-ray, XUV, and EUV studies.

Observations in the EUV and XUV also provide a uniqué opportunity to study
the composition, density, temperature, and ionization structure of the nearby
interstellar medium. The XUV portion of the spectrum is particularly sensitive
to the column density of H I below 912 K, He 1 below 504 A, and He 1I below 227
K. Column densities of neutral hydrogen have been deduced along lines of sight
to several nearby stars (including Capella) from the Lyo absorption; however, no
observations sensitive to the neutral helium column densities have been made.
This Capella observation at 304 Iy coupled with the Copernicus satellite measure-
ment of the Capella H I column density is thus potentially sensitive to He 1. This

point is discussed in considerable detail in section 5.3.

The primary objective of the work summarized in this thesis was to observe
the XUV spectrum of the nearby binary system Capella. Subsequent sections of

this chapter review the problem of coronal formation with emphasis on Capella
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as a model testing ground. Detailed consideration is given to the formation and
interpretation of the XUV spectra, particularly the He II lines formed in the stel-
lar transition region. Finally, the feasibility of a XUV observation of Capella is
summarized, incorporating anticipated interstellar absorption, geocoronal back-

ground, and instrumental capabilities.



1.2 Coronal Phenomena in Cool Stars

Coronal Formation

The temperature profile of the solar atmosphere is expected to be typical of
stars having comparable surface temperature. The temperature in the solar
atmosphere falls from about 5,600 K in the photosphere te a minimum of 4,000 K
in the mid chromosphere. It then rises gradually to about 10,000 K in the upper
chromosphere before rapidly increasing through the narrow (a few hundred
kiiometers thick) transition region (TR) to coronal values exceeding 10° K
Existence of TR and corona was surmised over forty years ago; however, a con-
cise understanding of the formation mechanism and physics of the outer solar

atmosphere remains elusive.

Prior to the Einstein stellar survey (Vaiana et al 1981), a general consensus
had been reached that the solar outer atmosphere was heafed by the dissipation
of energy contained in upward propagating acoustic waves. Wave motion is gen-
erated in the turbulent environment of the surface convective zone (Reviews are
given by Stein and Leibacher 1979, and Ulmschneider 1979). Detailed considera-
tions of atmospheric propagation indicated that waves of about 300 seconds
period were capable of transferring energy to the upper chromosphere. It was
also deduced that waves of this period would be copiously produced in the sur-
face convective zone. Indirect, but very leading, observational support for this
model came from time series analysis of the chromospheric Ca II line Doppler
shifts which indicated the presence of waves possessing a period of approxi-
mately 300 seconds (Liu 1974). Subsequent observations were undertaken to
search for similar waves in higher temperature TR lines. Power spectra in the
line of C IV (1549 &) formed at 10% K were taken by the 0SO VIII satellite. From

these data Athay and White (1978) concluded that the acoustic flux present in
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the TR was at least a factor of 30 below that required to heat the corona. Re-
analysis of the OSO VIII C IV data by Bruner and McWhirter (1979) has pushed the

discrepancy to a factor of approximately a thousand.

Spatially resolved, x-ray images of the solar corona show that emission ori-
ginates primarily in magnetically confined loop structures. This has raised addi-
tional problems for the solar acoustic heating models. It is now felt that some
form of magnetic heating (Linsky 1980 and references therein), possibly through
magnetic generation of electrical currents, may be the dominant source of

energy input.

The greatest difficulties for the acoustic heating models have been raised
by the results of the HEAO I (Walter et al 1980) and Einstein (Vaiana et al 1981)
x-ray surveys, and the IUE ultraviolet (Linsky and Ayres 1978; Ayres, Marstad,
and Linsky 1981) stellar surveys. Strong convective zones, essential to effective
wave generation, are only expected on stars with spectral class similar to solar
(GR V) (Linsky and Haisch, 1979). Furthermore, convective activity is expected
to be inversely proportional to surface gravity (Linsky 1980), so that within a
given spectral class, ratios-of x-ray to bolometric luminosities are expected to
be approximately constant. These model features imply confinement of coronal
activity to discrete regions of the HR diagram (Mullan 1978; Linsky and Haisch
1979), and predict that within a given spectral class L,/ Ly, will be roughly con-
stant. As noted in Section 1.1 both these assumptions were demonstrated to be

incorrect.

In an important work Ayres, Marstad, and Linsky (1981; hereafter AML)
combined data from the IUE and Einstein stellar observations to compare the
relative efficiencies of non-radiative heating in the upper chromosphere, the

transition region, and the corona. From a sample of F-K dwarfs and giants the
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intensities of sequentially increasing temperature emission lines were compared
with that of the mid-chromospheric Mg I (2800 A) line. Scatter plots of fluxes in
the lines of O 1 (8000 K), Si II (10,000 K), C 1I (20,000 K), Si IV (80,000 K), C IV
(10° K), NV (2x10° K), and soft x-rays against Mg 1 (8,000 K) were constructed.
All line fluxes are normalized to Ly, AML find a general trend for a power law
correlation between the normalized line fluxes f; and the Mg II flux, f gy of the
form f; ~ fignr. They find « = 1 for 0 I and Si I, o= 1.5 for CII, o= 1.5 for Si
IV, CIV, NV, and a2 3 for soft x-rays. The authors suggest that different
mechanisms are responsible for heating distinct layers of the atmosphere

though clearly interaction between the layers must also be considered.

Expansion of the observational data base has forced considerable revision
of our understanding of the important physical process in stellar atmospheres.
Extensive knowledge of the spectra and physical parameters of a few of the
detected stars in the x-ray and EUV surveys will also provide considerable input
to model making. The binary system Capella, discussed in detail in Section 1.3,
is a particularly clear example of this. Capella consists of two giants of compar-
able mass, surface temperature, and radius, yet possessing vastly different
coronal emission measures. The distinctive property of the x-ray bright secon-
dary is its high rotational velocity (~ 40 km/s) compared to the primary (~ 5
km/s) (Ayres and Linsky 1980). Models of coronal formation are now focusing on
the connection between surface convection and rotation, and the ensuing mag-

netic field structure.

The Formation of Helium Specira

Lines of He II formed in the upper chromosphere and TR, are particularly

sensitive to the structure and physical process active in the outer atmosphere.
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We focus primarily on emission at 304 R from the 2p = 1s transition, 256 K trom
3p - 1s, and 1640 & corresponding to 3s,3p,3d - 2s,2p. Hearn (1969) first sug-
gested the usefulness of these lines as TR temperature and density diagnostics,
however substantial disagreemenﬁ regafding the formation mechanism of these
lines has inhibited their usefulness. Recent observational evidence and improv-
ing theory have converged to eliminate much of the debate over the roles in line
formation played by electron collisional excitation and recombination following
photoionization by coronal photons short of the 227 K ionization edge. As a
coherent picture of He II spectra formation emerges, its diagnostic value will be

useful for local stellar objects, as well as the sun.

Pure collisional models of the He II 304 & line were computed by Milkey,
Heasley, and Beebe (1973), and particularly by Jordan (1975). Jordan used the

emission measures implied by EUV line fluxes in the solar spectrum to model

the distribution of emission measure ( [ 'n.ez dh; where 'rie is the electron den-
h

sity and the integral is over the region of altitude dh at approximate tempera-
ture T) with temperature in the TR. The electron density in the region of tem-
perature T is given by the aésump’cion that the pressure, n, TS 5.6x10, is con-
stant through the TR. The model ignores effects of radiative transfer on the ioni-
zation equilibrium despite the fact that both coronal radiation and the 304 Iy
line can increase the fraction of He Il relative to He | in the cooler regions of the
atmosphere. Because of the low TR election densities. coﬂisional damping is
unimportant for resonance lines. Integrating the contribution to 304 R emission
from each temperature region, the total model 304 K flux was found to be a fac-
tor of five below the observed value. This was considered a significant
discrepancy in spite of uncertainties in the solar emission measures and the

constant pressure assumptions. The observation that He 1II lines (256 K, 304 &,
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and 1640 K) are significantly weakened in coronal holes while strengths of the
TR lines of C IV, S IV, and N V were not appreciably altered, (Huber et al 1974)
poses an additional problem for collisional models. Decreased emission in
coronal holes was a major motivation behind the concept that the helium lines
were formed by recombination (Zirin 1975) following photoionization of He 1 and

He Il by coronal radiation.

The photoionization-recombination (P-R) method of forming the solar
helium spectra has received a heuristic treatment by Zirin (1975). In this model
coronal radiation short of 227 A photoionizes He II, and recombinations of the
resulting He III produce a 304 A photon 70 percent of the time. The net result of
the P-R mechanism is to convert the coronal flux short of 227 A to 304 A. The
304 A flux radiated downward further contributes to the photoeicnization of He 1.
Recombination of He Il leads to formation of the triplet as well as singlet ground
states in He 1. Presence of the triplet state is indicated by the presence of a
10830 A absorption feature in solar and stellar spectra. Since the triplet state
is formed in the cool chromosphere where it cannot be excited by electron colli-
sion its presence is expected to be indicative of the 304 A emission and hence
total coronal flux. An important prediction of this model is that spatially
resolved spectrograms of the sun should show high correlation between the
n=2->1 transition (304 &), and the transition from the n=3 level (1640 &, 256 &).
High resolution spectrograms taken in 256 K and 304 & {Glackin et al 1978,
Mango et al 1978) showed an absence of correlation between the n=3 and n=2
lines. An additional problem for the P-R mechanism of 304 Iy production is that
central reversal of the line profile is predicted (Milkey 1975). High dispersion
spectra at 3044 show the profile to be essentially gaussian (Doschek, Behring,
and Feldman 1974). As noted by Zirin (1975) the relative fluxes in the transi-

tions from the n=B, n=6, and n=3 levels are in good agreement with P-R



predictions.

An important advance in the theory of solar helium spectra formation was
the simultaneous treatment of both collisional and photoionization processes on
helium ionization equilibrium and line excitation (Avrett, Vernazza, and Linsky,
1978; hereafter AVL). The ionizing flux radiated inward from the corona is
estimated from the values obtained at one AU. The attenuation of this flux
depends on the model opacity as a function of altitude, a function of the hydro-
gen and helium icnization equilibrium and densities. In turn the ionization
equilibrium depends on the coronal flux and the model emission from the 227 A
recombination edge of He II and the 304 A flux. The model is solved in a self-
consistent approximation. AVL also included a more sophisticated TR model
than the constant pressure one adopted by Jordan. The primary conclusions of
their work are that recombination following photoicnization is responsible for
producing the He I and He Il continuum emission, as well as excitation of the
n=3 level lines, while 304 & is essentially a collisional line. Thus, the 256 K, and
1640 A lines are formed in the cool low TR while 304 A is a 10% K line produced
by collisions. The physical reason for the small contribution of collisional excita-
tion to the n =3 level is the somewhat higher excitation threshold which appears
exponentially in the collisional cross-section. The contribution of photoioniza-
tion to the formation of 304 A was shown to be diminished by absorption in He I

of most of the coronal flux short of 227 A.

Observational evidence favoring the AVL conclusions results from the lack
of spatial correlation between 304 K and 256 A intensities over the solar disk
(Glackin et al 1978, Mango et al 1978) indicating different formation mechanisms
for each line. Spatial chromospheric network structure observed in TR zone
lines was also present in the 304 K emission, but not in the 256 A line. The AVL

model also shows good agreement with the 227 A (He 1) and 504 A
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recombination continuum spectra which are produced by P-R, as well as with the
emergent 304 X line profile. The predicted 304 £ flux remains a factor of about
two below the observed. The persisting challenge to collisional models is to
account for the weakening of 304 K emission in coronal holes where other high

temperature TR zones are not strongly affected.

A plausible explanation for both the low model flux and the coronal hole line
weakening is that He II ions diffuse from their region of formation up the TR
temperature gradient where collisional excitation is enhanced (Shine, Gerola,
and Linsky 1975). In the standard collisional models (Jordan 1975, AVL 1976) ion-
ization equilibrium at each temperature T is computed and, together with the
emission measure and excitation cross section at that temperature, the total
line flux originating at temperature T is calculated. An assumption of these
models is that He Il ions produced at T are also collisionally excited by electrons
at T. Because of the very steep temperature gradients in the transition region,
it is possible for He II ions formed at one temperature to drift to regions of
higher temperatures where collisional population of the n=2 state is enhanced.
The effectiveness of this enhancement mechanism is limited by the distance ions
can drift before their ionization equilibrium becomes consistent with the local
temperature, i.e., the n=2 state of He Il is excited until the He II becomes He III.
In a heuristic treatment of the problem Shine, Gerola, and Linsky (1975) found
that the He II 304 A line could be enhanced by factors of 3 to 4 by diffusion in
the region T>10° K. The EUV lines (e.g. C IV 1549) are not enhanced significantly
by the mechanism because of their lower excitation threshold. Diffusion may
simultaneously account for the discrepancy between model and observed fluxes
and the weakening of the line in coronal holes where the emission measures of
the high temperature material is lessened. Direct observational support for such

an effect is not available. A precise treatment of the theory has not been
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undertaken, and the model remains speculative.

In summary the formation mechanisms of the helium spectral lines appear
to be moderately well understood, however uncertainties in the TR structure and
the extent to which processes such as diffusion contribute to line formation per-
sist. Study of the problem in the atmosphere of Capella which is considerably
more active than the sun, and possesses vastly greater high temperature emis-
sion measures, may aid greatly in the removing of some of the uncertainties in

the theory of formation of this very basic emission line,
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1.3 The Binary System Capella

The spectroscopic binary system Capella (d=13pc) is an extremely interest-
ing example of a cool star possessing a corona. It was the first stellar soft x-ray
source detected (Catura, Acton and Johnson 1975) and x-ray spectra from the
system have been obtained from the HEAO I (Cash et al 1978) and Einstein ( Holt
et al 1981) satellites. EUV spectra were first taken by the Copernicus satellite
(Dupree 1975). With its improved sensitivity an extensive EUV data base on

Capella has been provided by the IUE (Ayres and Linsky 1980, hereafter AL).

The two components of the widely separated (1AU) 104 day period binary
are giant stars of comparable mass, the primary is about 2.6 Mg while the
secondary is .5 Mo Their spectral types are similar (the primary is G6 I1I and
secondary F9 III), as are their radii (E® ~ 11.5Rg, R? ~ 7.1Rg), and surface
temperatures (T% ~ 5,100 K,T® ~ 6,000 K; AL 1980). Aside from their size, they
are quite similar to the sun (GR'V, Tg ~ 5,600 K). The most‘ significant difference
between the two components is the equatorial rotation velocities of about 5
km/s for the primary and 40 km/s for the secondary. The solar Vy,;~5km/s.
The spectrum of the primary also shows significant lithium depletion while the
secondary is normal in this regard. An evolutionary scenario for the two giants
has been prepared by Iben (1965). The slightly more massive primary has
evolved past the helium flash point on the giant track while the secondary is still
approaching this stage. The primary has developed deep convective zones,
which account for its observed depletion of lithium while the secondary appears
normal in lithium. Within this framework the largely different rotation velocities
of the two stars at nearly identical positions in the HR diagram can be
accounted for by either magnetic baking of the secondary through interaction

between its fields and convection zones, or mass loss at helium flash. It is also
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possible that their main sequence progenitors had different rotation rates.

Soft x-ray spectra from Capella have been analyzed by Cash et al (1978) and
Holt et al (1981). The spectrum contains substantial temperature components
in the range from 108-7x107 K with emission measures exceeding solar by a
factor of 10% The ratio of x-ray luminosities (L;) to total luminosity (L) is
about 2x107° for Capella compared with 1078 for the sun. Capella thus

possesses a considerably hotter, more active outer atmosphere than the sun.

EUV studies of Capella were first carried out with Copernicus (Dupree 1975),
however the low sensitivity of the instrument limited coverage to only a few of
the brightest lines. The IUE has obtained extensive EUV spectra of Capella in the
low (6 & FWHM) and high (0.1 A FWMM) resolution modes. Absolute fluxes in
about thirty lines in the 1000 K to 2000 & band have been determined. These
lines cover the temperature range from 10% in the upper chromosphere to about
5%10° K at the TR-corona boundary (See Table 1.34). Detailed analysis of the
high resolution line profiles as a function of orbital phase led to the conclusion
(AL 1980) that nearly all the high temperature emission from the system was
associated with the rapidly rotating secondary. With this assumption surface
fluxes in the high temperature EUV lines were found to be factors of 50 to 20
times their solar counterpart. Comparison between the two Capella system com-
ponents and the sun have greatly supported the hypothesis that rotation is a
crucial parameter in the non-radiative heating problem (e.g. AL, Hartmann,
Dupree and Raymond, 1981). Though few of the stars detected in the Einstein
survey have known rotation rates, those which do show a correlation between

their rotational velocities and the ratio L, to Ly, (Vaiana et al 1981).

Clearly the presence of many similarities and a few differences between each

Capella component and the sun make the three stars particularly useful cases
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from which to increase our understanding of the surprisingly widespread
phenomena of stellar activity. Emission in the XUV band has only been studied
in the solar atmosphere. Detection of an XUV spectra has been reported from
only one extra-solar object, the white dwarf HZ 43 (Malina, Bowyer. and Paresce
1978). This region contains the very interesting TR line of He Il 304 K, as well as
several important coronal lines of Fe which are very useful diagnostics of the
emission measure at particular temperature in the corona. When XUV line spec-
tra become available they will provide for greater coronal diagnostic value than
the present soft x—ray continuum observations. Capella's proximity and large
EUV and coronal fluxes give it excellent potential to be detected in the XUV with
current state of the art instrumentation. The parameters relevant to a Capella
observation are assessed in the following section. These include source flux,
interstellar absorption, background source, and the sensitivity of present instru-

mentation.
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1.4 The Nature of a Capella XUV Observation

Flux estimates for the XUV lines and particularly He II can be made on the
basis of the observed EUV emission. As discussed in section 1.2 He I1 304 & is a
collisionaﬂy excited line, produced in the temperature range from B X 104 Kto 5
X 10° K. Although a precise theory accounting for the absolute flux in the solar
line is unavailable, it is reasonable to assume that the total intensity of the 304
K line will scale with the emission measures in this temperature range. The
emission measures are reflected by the intensities in the EUV lines. Thus, the
ratio of Capelia to solar emission measures at T is expected to be comparable to
the ratio of intensities of the EUV lines formed at T. This provides a method of
predicting the Capella flux which is independent of the details of the TR struc-
ture, and the accuracy to which the solar high temperature emission measures
are known. Sensitivity to emission measures at these temperatures are pro-
vided by the IUE absolute fluxes from Si IV (1394 &, 6-> 8%10? K), C IV (1500 &,
10% K), N V (1240 &, 2x10% K) and O VI (1032 £ ,4x10% K). Estimates of the
Capella 304 A intensity at earth are deduced from the ratio, at earth, of the flux
in each of the above Capella lines to their solar counterpart. This ratio is then
used to scale the solar He H flux at earth thus giving an estimate of the Capella
He II flux at earth in the absence of absorption in the interstellar medium. The
solar He 11 304 & flux at earth is 8x10%ph-cm™ s~! (AVL, Timothy 1977, Glackin
et al 197B) during periods of low activity. The fluxes in the solar EUV lines are
also taken at periods of low activity. Recent monitoring of the solar EUV and
XUV spectra indicates that the variation in the He II 304 K line tracks very
closely with that of the 10° K lines providing further support that He II is pro-
duce in this temperature regime (Torr et al 1979; Mount and Rottman 1980; and

Rottman 1981).
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The contribution of photoabsorption by interstellar H I and He 1 is derived
from the Capella line of sight neutral hydrogen column density (1.2 X 10'® cm?)
(Dupree, Baliunas, and Shipman 1977) and the absorption cross-section
(6x10719 sz) averaged over a solar abundant ISM (Cruddace et al 1974). An
optical depth of 0.72 results corresponding to an attenuation of about 50 per-
cent of the flux. Table 1.3a summarizes the Capella and solar fluxes at earth in
several of the chromospheric and TR zone lines, and the He 1I 304 K fux
expected from Capella based on these 6X10%*+5%10° K lines. He II 304 K fuxes

at earth in table 1.4a range from 1.4 to 2.7 ph cm™®s L,

This estimate has
assumed that N(He 1)=0.1N(H I) which is reasonable given the Copernicus meas-
ured temperature of 8,000 K for the HI gas. This experiment however, is the first
to be sensitive to absorption in He I, and as discussed further in Chapter 5, pro-

vides evidence that N(He 1) = 0.25 N(H I). Several plausible explanations con-

sistent with the 8,000 K temperéture are considered in section 5.3.

Line emission in the XUV also arises from highly ionized species in the
corona. The brightest lines are those near 195 R of Fe XVI, formed at 10% K in
the corona. Stern, Wang and Bowyer (1978) have performed the only calculation
to date of the XUV spectrum of a hot, tenuous plasma. Their volume emissivities
for XUV lines coupled with the Cabella coronal emission measures of Cash et al

(1981) and Holt et al (1981) are used to produce the iron line fluxes of table 1.4a.

It is important to consider the possibility that coronal and TR emission in
Capella may be variable. Capella has been extensively observed by IUE in 1978
(AL 1980), 1979 and 1981 (Ayres 1982). The 1981 data consist of observations
nearly every other day in the month of February and March. No variations in the
intensity of the Mg II, Si II, or C IV lines between these data sets were found
within the +/- five percent normalization errors of the IUE. Searches for varia-

bility on time scales from an hour to a day were also negative to within the same
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Capella He II 304 K Flux at Earth

species A (R) T (K) ré ré Fe/Fo® [
Si IV 1394 6-8x10* 5.4 2.3 60 1.7
CIv 1549 10° 12.6 4.4 50 1.4
NV 1240 2x10° 1.9 1.8 90 2.7
0Vl 1032 3-4x10° 2.1 0.9 80 1.7
x-rays | 100 eV->1Kev 3-30x10%| 35.0 17.0 70 -
Capella Coronal Iron Line Flux

- - - EM vem - fre

Fe 195 1.6x10% | 4x10%% 1.5%10713 % 0.3

1. flux in the solar line at 1AU ( 1072 ergs/cm?®—s )
2. Capella line flux at earth ( 107! ergs/cmP—s )
3. ratio of Capella surface flux to solar {AL 1980)
4. Capella 304 A flux (ph/ cm®—s) at earth

for an ISM optical depth of 0.72

table 1.4a
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errors. The XUV observation reported in this thesis was taken March 23, 1981

within the period of coverage by the IUE.

The spectrometer constructed for this observation consists of a set of
nested grazing incidence imaging optics and a microchannelplate focal plane
detector. Free standing diffraction gratings provide a dispersion of 46 .y per
mm in the focal plane. The spectrometer resolves 0.7 mm or 32 A. It has an

2

effective area in first order of 0.13 cm®. The instrument is described in detail in

chapter 2. For 200 seconds of observing time with a source rate of 1.5 ph

®s~1 40 counts are expected in first order. The main source of background

cm™
is 304 A photons from the sun which are resonantly scattered by He Il ions in
the upper atmosphere. These are expected to contribute about twenty counts
to a resolution element in first order during a 200 second interval, A reasonable
signal to noise ratio is expected to prevail. The earth's atmosphere is opaque to
the XUV below an altitude of 170 km requiring the experiment to be carried aloft
on a sounding rocket. A two stage launch vehicle obtaining an altitude of 262 km

provides over 200 seconds above 200 km. The instrument and calibration are

described in considerable detail in Chapter 2 and Chapter 3.
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CHAPTER 2

2.1 Spectrometer System

The detection of XUV radiation relies on photoemission of electrons from a
suitable cathode. The photoelectron signal is usually amplified by using an elec-
tric field to induce bombardment of a secondary emitter in a process analogous
to that of a conventional photomultiplier tube. Both the single channel electron
multiplier (CEM; Samson 1967, Lapson and Timothy 1976), and the channel elec-
tron multiplier array (CEMA; Wiza 1979) operate on this principle. The CEMA is
an adaptation of the CEM in which many single channels are bundled together to
produce a two dimensional image intensifier which converts single input photon
to a 10°% - 108 electron cloud at the output. Limitations to the CEMA as a spec-
trometer element are its lack of energy resolution and small intrinsic geometric
area, less than 13 cm® These are overcome by situating the CEMA at the focus
of a set of imaging, grazing incidence mirrors with dispersive diffraction gratings
in the optical path. The spectrometer configuration selected for this work is
shown in figure 2.1a. The concept was partially dictated by the availability of the
grazing incidence optics which were designed and constructed for a previous
flight by our group.

Radiation incident on free standing transmission gratings is diffracted and
imaged by a nested set of Wolter type I x-ray mirrors (Agrawal et al 1974) onto a
CEMA based focal plane camera. A thin foil, broadband filter consisting of a 1500
K aluminum base with a 270 A carbon overcoat is introduced to the converging
beam to eliminate most of the x-ray flux short of 170 K. 1t also rejects the

diffuse ultraviolet background, particularly the geocoronal lines at He 1 584 K
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and hydrogen lya. The points at which the filter transmission falls to ten per-
cent of its maximum are the aluminum L edge, 170 K, and at 450 & (see figure
2.1c). The mirrors have a focal length of 1275mm. The grating period is six
microns with equal lines and spaces. A first order diffraction angle of 17.4 arc-
minutes at 304 A results in a focal plane separation between the zero and first
order images in the focal plane of 6.46 mm. Two dimensional imaging is pro-
vided by the focal plane camera with a spatial resoclution of about 0.5mm
(FWHM). Combined with the mirrors, this leads to a A/ A\ of approximately nine
at 304 &, sufficient for this experiment. The instrument was calibrated for both
efficiency and spectral resolution at the National Bureau of Standards synchro-
tron. The subsequent paragraphs describe the spectrometer components in

some detail.

X-ray Imaging Mirrors

Normal incidence reflecting optics are generally not useful below 1000 K.
Consequently much effort has been placed in the development of high resolution
grazing incidence optics for use in x-ray astronomy (eg Brauninger, Lenzen, and
Trﬁmper 1978). A set of two nested Wolter fype I mirrors was fabricated by the
Caltech x-ray astronomy group (Agrawal et al 1974) for use in sounding rocket
experiments. The Wolter type I configuration consists of an initial paraboloidal
imaging surface, followed by a hyperboloid to provide correction for coma aber-
rations introduced by the paraboloid surface. The entrance aperture of the mir-
rors has a totai geometric area of 211 cm?, 3’7 cm® of which are obscured by the
support structures for the inner mirror cell and the mountings for the
diffraction gratings. The average angle of incidence to the nickel reflecting sur-

face is 1.5°. The small angle of incidence allows the sensitivity of the system to
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extend to about 2 KeV. Thus the mirrors are somewhat mismatched to the XUV
where 75 percent reflection efficiencies extend to B8° angles of incidence. Utili-
zation of larger angles of incidence requires Wolter type Il optics to maintain a
1ohg focal lerigth, and hence good resolution. The extreme cost and difficulty
involved in mirror fabrication dictates this sacrifice of collecting area, by using

the mirrors in hand.

The imaging quality of the mirrors has been measured optically under uni-
form illumination of the entire entrance aperture by a collimated twenty four
inch diameter beam of laser light produced by a Cassegrain telescope. The opti-
cal FWHM is less than twenty arc-sec. XUV imaging can only be tested by
illuminating small regions of the surface because of the difficulty in producing a
large collimated beam of radiation at these wavelengths. The XUV blur was
measured at the NBS synchrotron and found to be less than one arc minute (see

Section 3.3).

Diffraction Gralings

The development of fine line transmission diffraction gratings has been
motivated by recent astrophysical interest in high resolution x-ray spectros-
copy. Free standing gratings of one thousand lines per millimeter have been
produced by groups in the Netherlands for use on the Einstein (Schnopper et al
1977) and EXOSAT (Brinkman et al 1979) x-ray satellite. In both these applica-
tions the grating period is defined by the interfering of two coherent beams of
light on a nickel substrate coated with a thin layer of photoresist. After develop-
ing and etching, channels corresponding to the grating lines are formed in the
resist and subsequently electroplated with gold. A drawback to this interfering

beam exposure technique is that the channel walls are not vertical. Maintaining
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the linewidth control limits the thickness of the electroplated gold to a few

tenths of a micron. The resulting gratings are extremely fragile.

In contrast, through conventional integrated circuit fabrication techniques
Based on exposure of resist through an image mask, it is possible to produce
channels with approximate vertical profiles to a depth of about 2.5 microns. The
disadvantage of this technique relative to the interference method is that
linewidths are currently limited to two to three microns. A grating of six micron
period has sufficient dispersion at XUV wavelength to provide better than 30 K
(FWHM) resolution when used with the Wolter type I grazing angle telescope and

focal plane camera. The efficiency of a transmission grating in nth order is given

by:

sin® (nma/p)
(nm)?

g™ =

where p is the period and a is the open line width. The ratio a/p = 0.5 maxim-
izes the grating efficiency in the first order, and eliminates second order con-
tamination. Gratings with 3u lines with a 8t period were selected for this work.
An additional superstructufe of alternating 254 and 10u lines, each separated
by 140u, was placed perpendicular to the 3u lines. This support wire structure
was selected on the basis of vibration testing of prototype gratings at the Jet
Propulsion Laboratories. Tests were carried out at atmospheric pressure and in
an evacuated chamber. The payload is also pumped out to 107 torr prior to
launch. The primary problem induced by vibration is a tendency for the 3 lines
to deform slightly when the support wire spacing was 280u. Even with a 280

spacing, no tearing or gross deformation of the gratings occurred.

The gratings were made in collaboration with the integrated circuits group

at Lawrence Livermore Laboratories while a 1:1 image mask defining the grating
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and support structure was generated by the NBK corporation. The mask con-
sists of chromium lines on a quartz slide. It is proximity printed to a 2 to 3.5
micron-deep layer of photoresist spread on a 2 1/4" by 2 1/4" glass slide which
has been coated with a uniform few hundred Angstrom thick layer of chromium.
The chrome layer serves as a substrate for the electroplated gold. Alignment of
the mask and each glass slide is maintained so that the support wires lie parallel
to an edge of the glass slide. This facilitates the subsequent process of mutually
aligning each of the 2 1/4" by 2 1/4" facets around the entrance aperture of the
telescope. Following exposure the photoresist is etched leaving 3u to 4 deep

channels which are filled in with electroplated gold.

The proprietary solution used for electroplating was developed to minimize
internal stresses in the gold structure arising from the deposition process.
Though their origins are not well understood these stresses can cause a very fine
wire grid to distorf when released from the supporting substrate. All gratings
were thoroughly examined by using an optical microscope for such distortion.
The channel profiles are slightly wider at the top than bottom as a result of
lateral etching of unexposed resist. Thus, the deeper the gold is deposited the
wider the lines tend to be. Because precise control of the electroplating thick-
ness is difficult, iinewidths of the flight graﬂngs generally vary from 3.0 to 3.2
microns, with some of the early prototype gratings possibly having up to 3.5
lines. Also, the only direct methods of determining the linewidth are electron
microscopy and XUV measurements of the relative efficiencies in each spectral
order. Electron microscopy was performed on one of the flight gratings showing
a linewidth of 3.0 +/- 0.05u. A prototype grating was used for calibration at the
National Bureau of Standards and was found to have a linewidth of 3.5u from the
relative efficiencies in zero order, first order, and second order. This NBS grat-

ing was not electron-micrographed because it would have been destroyed while
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being mounted to the specimen table. The discrepancy in linewidth between the
prototype and flight grating was caused by the 3u to 3.5 depth of gold electro-
plated in the prototypes. The flight gratings were made two to three microns
deep. The period of the grating is easily checked by measuring the first order
diffraction angle of He-Ne laser (6328 &) beam passing through the grating: it is
6u +/- 0.054.

Following electroplating the unexposed resist is removed, along with the
chrome which has not been plated with gold. The gratings remain fixed to the
glass slide. Each grating segment must be aligned and mounted to one of the 24
trapezoidal brass facets which fill the entrance aperture of the telescope. The
diffraction axis is defined by a rigid bar suspended over a table fixed to a divid-
ing head. The bar can slide across the table but remains parallel to the
diffraction axis. Each brass facet is alighed to this axis, then rotated to the angle
at which it will mount on the mirror cell. The glass slide with the grating is then
oriented over the facet by the bar and secured to the brass frame with lapidary
wax. Alignment is good to better than 0.5 degrees. The brass frame with glass
attached is then bathed in concentrated hydrofiuoric acid to etch the glass from
the gold, leaving a free standing grating. An ultrasonic cleaner was also used to

assist in removing the glass.

Focal Plane Camera

The focal plane detection system incorporates a CEMA, in conjunction with a
resistive disk readout (Lampton and Paresce 1974) to convert the electron cloud
output of the CEMA to a digital two dimension coordinate (figure 2.1c). The
CEMA (Wiza 1979) is a forty millimeter diameter bundle of microscopic (38u

diameter), extruded lead glass tubes, each functioning independently as an
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amplification device. A single tube is two millimeters long and biased by a 1100V
potential - photons intercepting a tube entrance may produce a photoelectron.
Emitted electrons are accelerated by the local electric field until colliding with
the channel wall, where typically two secondaries are produced. The subsequent
avalanche generates gains of 10%-+10* Two CEMA's were obtained from the
Galileo Electro-Optics Corporation and cascaded to produce a gain of 3x107.
The space charge density of the electron avalanche ultimately limits the gain to
approximately 108 The plates also produce occasional spurious pulses. These
avalanches are initiated either by electrons thefmally emitted from the top of
the channel walls, or by ions formed in the ambient vacuum which accelerate up
the channel potential until colliding with the walls releasing an electron which
begins a cascade. The first internal background source is an inherent, unavoid-
able feature of the plate and typically produces one to two counts/ cm®—s. The
jon feedback problem is reduced by introduction of a 16° angle between the
channels of the input and output plates as indicated in figure 2.1b. The channels
of the input plate are parallel to the optic axis while those of the output plate
are at 16°<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>