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1.0 INTRODUCTION*

The sun's radiation from the atmospheric cutoff near
3000 A to 1000 A in the extreme ultraviolet (XUV) is of
great interest in solar physics because it can be of
assistance in explaining the physical processes by which
‘the sun's energy is transmitted through its outer atmosphere
against a steep temperature gradient. This is the region
of the atmosphere where the temperature reaches its minimum
value, 4400 K, between the photosphere and the chromosphere,
then rises extremely rapidly as the million degree corona
is approached. The spectrum from 3000 to 2100 A comes from
the layers lower down than the temperature minimum, and is
the usual continuum with Fraunhofer lines. From about .
1535 to 1000 A the radiation originates in the chromosphere
and transition region, T =~ 20,000 K, and its spectrum is
one of intense emission lines above a weak continuum. But
from 1535 to 2100 A the spectrum is an extremely complex
combination of absorption lines, emission lines and con-
tinuum; this represents a mixture of radiation from layers
between the temperature minimum and the chromosphere, with
a number of lines from the transition region. Scattered
over the entire range, 3000 to 1000 A, are the forbidden
lines from the corona.

The Apollo Telescope Mount (ATM), the manned solar

observatory on Skylab, provided a unique opportunity for

- large scale observations-of the sun from above the earth's
atmosphere. Supported by a coordinated program of ground-
based observations, the joint observing program of its six
advanced telescopes brought to bear the greatest possible
observational and analytic power on fundamental problems
in solar physics.

The ATM took advantage of all that had been learned
from over 25 years of solar space research conducted by
means of sounding rockets, Orbiting Solar Observatories
(0SO's) and monitoring satellites such as SOLRAD. Each
of these programs had excelled in its own particular way:
rockets, for development of specialized instruments having
extremely great observing power, but which were always
severely limited in observing time and wavelength span,
or spatial resolution or spectral resolution; 0SO's not
limited in observing time, but constrained in information
acquisition rate, as well as in spatial and spectral
resolution; SOLRAD, having excellent time resolution, but
limited to broad-band detectors.

* Material for this section has been extracted from a paper
in Applied Optics, 16, 879, 1977, by J. D-F. Bartoe,
G. E. Brueckner, J. D. Purcell and R. Tousey, Extreme
Ultraviolet Spectrograph ATM Experiment SO082B.



These programs had established the need for continuous
solar observation combining the specialized observing
powers that each type of small instrument had provided.

ATM came close to realizing this ideal. It provided almost
continuous observation of the solar atmosphere for a period
instrument was enormous. In addition, by fostering the
simultaneous operation of the newest and most powerful
ground-based observational techniques, the total resulting
program represented a massive attack on the problems in
solar physics, resembling that mounted during the IGY for
geophysics.

This Guide has been prepared to assist callaboration
in the analysis of S082B data, especially from copies of the
data supplied through the National Space Science Data Center
through the National Space Science Data Center at NASA/GSFC.
We have found, however; that by gathering the most useful
data into one source, it is of benefit to any researchers
who may be familiar with the general experiment but not with
the specific details required in making a study of the -data.
Therefore, a brief description of the experiment, the instru-
ment, and supporting features of ATM and the Skylab program
have been included in addition to specific details of the
calibration of film and instrument.

_ An extensive bibliography of papers by the NRL ATM
analysis team is given in the Appendix indicating fruitful
directions of research provided by the data and those staff
members knowledgeable in specific areas.

A list of documentation references, the catalog of
exposures (on microfiche), a wavelength scale, and line
lists to assist in identification of lines are also included.

Requests for information about callaborating with NRL
may be directed to specific members of the data reduction
team whose names appear on related publications listed in
the Bibliography. Access to original flight data and sup-
porting material may be arranged by contacting Dr. Richard
Tousey, Principal Investigator.



2.0 THE APOLLO TELESCOPE MOUNT¥*

Skylab consisted of four principal parts. Largest
was the Saturn Workshop (SWS), which provided living
- and working quarters for the three-man crews. It contained
also most of the experiments other than the ATM. The
hydrogen tank of a Saturn IVB booster (second stage of
of Saturn IB) that was converted to become the SWS was a
cyclinder 15 m long and 6.7 m in diameter.

The second major section was the Multiple Docking
Adapter (MDA), center of the space complex, 5.2 m long
and 3.2 m in diameter. This was attached to the SWS
through an airlock module (AM) and contained the control
and display panel for the ATM. It had two docking ports:
the first port, located on the long axis extending through
the AWS, was for docking the CSM when on each visitation
it came up with its crew of three; the second port, 90
away, was an alternate dock for a rescue mission, should
it be required. Opposite the latter port was the ATM.
The third part was the CSM itself, much the same as the
Apollo Spacecraft developed for the lunar landings.

The ATM and its solar instruments are shown in Fig.
2.1. It consisted of two concentric elements: the outer
framework, or rack, an octagonal structure 3.4 m across
and 4.4 m in length, and inside the rack a cyclinder or
canister, 2.1 m in diameter and 3 m in length. The
"canister housed the solar instruments. It was attached
to the rack through a pair of large gimbal rings carried
on a large ring bearing, which allowed rotation of the
entire canister around its axis. A stiff cruciform
structure divided the space into four quadrants and
formed the optical bench to which the ATM instruments
were attached. -

The ATM was designed to keep the instruments within
the cannister aimed steadily and precisely at the desired
point on the sun regardless of disturbances such as those
caused by crew movement, within + 2.5 arc sec in yaw and
pitch and 5 arc min in roll. These specifications were
actually exceeded in flight. Short-time (minutes) yaw
and pitch stability was + 0.5 arc sec, and short-time
roll stability was excellent. Part of the success in
stability control was derived from the 3 arc min stability
of the entire Skylab, accomplished by an orthogonal system
of control moment gyros (CMG).

Fine pointing of the ATM was accomplished with a solar
pointing control system (PCS), which sensed the Sun's
center to a few tenths of an arc sec and sent error signals

* Material for this section has been extracted'ffom a
paper in Applied Optics, 16, 825, 1977 by R. Tousey,
Apollo Telescope Mount of Skylab- An Overview



into the torque motors that controlled the rotational
positions of the ATM canister gimbals. Offset pointing of
the ATM in yaw or in pitch by steps of 1.25 arc sec up to

24 arc min could be ‘introduced by counter-rotating a pair

of quartz wedges placed in the solar beam incident on either
the pitch or the yaw solar sensors. Rotation of the prisms
was accomplished by a crewman with his panel "joystick".
Digital indicators read out yaw and pitch to 1 arc sec, and
roll to 1 arc min.

A most important subsystem was the digital computer. It
enabled the crewman to initiate complex commands simply.
The computer could also be operated by ground command, while
the crew was sleeping, or in case of emergency. Thus many
experiments were operated while the crew were asleep, and
also during the unmanned periods between missions.

A problem in the design of the ATM was the great thermal
stability required to preserve the focus of the ultrahigh
resolution optical instruments. Passive thermal stabiliza-
tion alone was not sufficient to meet the requirements and
was augmented by an active fluid-cooling system for the ATM
canister. The refrigerator consisted of a loop, located
inside the skin of the canister, through which water and
methanol was circulated to radiators on the outside of the
:canister, facing space. This system maintained the tempera-
ture of the canister wall to 50 + 5° F with cyclic variations
of + 3° F. In addition, several experiments had their own
thermal-control heater systems, designed to maintain the
temperature at all locations to within 2.5° F of the design
and calibration temperature and to limit the rate of change
to no greater than 0.05° F per 5 minutes.

2.1 The Solar Instruments

Table 2.1 summarizes the major solar experiments and
instrumentation mounted in the ATM. Brief sketches of these
are given below. '

S052: White light Coronagraph

The white light coronagraph on Skylab was designed
‘by the High Altitude Observatory of the National Center
for Atmospheric Research. The scientific goal of the S052
instrument was the observation of the outer corona from
about 0.5 solar radius (Re@) to 5R@ above the solar limb,
with high spatial and temporal resolution, and from
these data to deduce- the 3~D form of the corona and its
evolution and rapid change. These photographs from Skylab
form a nearly continuous record of the corona for 9 months
that is of the character observed for only a few minutes
once each year or two at natural eclipse. More than 35,000
useful photographs were secured, including coverage of more
than 100 transient eruptions in the corona.



SO54: X-Ray Spectrographic Telescope

The American Science and Engineering Corporation
(AS&E) and the Goddard Space Flight Center (GSFC) jointly
pioneered the use of the Wolter lens, grazing-incidence
" telescope for imaging the sun in X-rays.

The instrument flown in ATM by AS&E employed a Wolter
lens and was equipped with six filters, each with a
" different transmittance curve. It was also possible to
introduce a 1440-lines/mm transmission grating into the
beam and thus obtain low resolution spectra of small
bright features such as flares. Limited operation was
carried on in the unattended and unmanned modes. A total
of 31,785 exposures were made, with times ranging from
1/64 sec to 256 sec. Soft X-ray images from this telescope
show in a most spectacular fashion the coronal holes,
where the high speed solar wind streams originate..

SO56: X-Ray Telescope

The GSFC also utilized a Wolter lens-type telescopic
camera for ATM. In dimensions and general characteristics
S056 and S054 were much alike. The principal difference
between them was that SO056 had some three times less light
gathering area, but was equipped with a different series
of filters, which enabled it to record somewhat harder
X-rays . Although the instrument was operated only in the
manned mode, 27,972 excellent X-ray images were secured.
It was particularly successful in recording images of high
spatial resolution, which showed the growth phase of flares
in detail.

S055: Ultraviolet Spectrometer-Spectroheliometer

The Harvard College Observatory spectrometer and
spectroheliometer was designed to secure calibrated EUV
spectra and images .of selected portions of the solar disk
in the light of a number of strong emission lines. The
lines were chosen to sample a broad range of solar
temperatures, from the middle chromosphere to the low
corona. Deéetection was entirely photoelectric using seven,
independent, open-channel, electron multipliers in a
variety of ways. Four modes of operation were available:
(1) the spectrum of a selected 5 x 5-sec arc solar area
could be scanned in 3.8 min with a resolution of 1.6 A;
(2) the readings from the seven multipliers, set at seven
important wavelengths ranging from 280 A to 1350 A, could
be read out as functions of time with 40-msec time resolu-
tion; (3) the sun could be recorded at seven wavelengths
but with the instrument scanning a line 5 sec of arc wide
and 5 min of arc long once in 5 sec, or; (4) a 5 x 5-min
of arc area could be scanned with 5 x 5-sec of arc spatial
resolution in 5 min at seven wavelengths. The instrument



was operated in both -unattended and unmanned modes, but
without the capability of fine pointing except when
manned and with a crewman in charge. Excellent results
were obtained with intensity data covering a wide dynamic
range with high precision.

SO82A: Extreme Ultraviolet Spectroheliograph

The XUV spectroheliograph of the Naval Research
Laboratory was an objective grating instrument which pro-
duced simultaneous, monochromatic images of the entire sun
over a broad range of the XUV. Over the 171-630-A range
a spectrum of solar images each 18.6 mm in diameter was
recorded. The instrument produced results of extreme
interest and acquired a total of 1032 useful exposures.

SO82B: Ultraviolet Spectrograph

A type of solar observation considered of great
importance was the recording of the XUV spectrum at great
spectral and spatial resolution for different kinds of
solar regions, for example, filaments, active regions,
the 1limb, flares, and so on. The large NRL spectrograph
was designed for this purpose. Being a photographic
instrument, it had tremendous information-gathering
:ability. The short wavelength range covered the XUV from
970 A to 1970 A with a spectral resolution of 0.06 A,
which was sufficient to obtain useful line profiles. The
long wavelength range extended from 1940 A to 3940 A with
0.12 A spectral resolution. Photoelectric servo-control
of the primary mirror was provided to enable the 2-sec of
arc wide slit to be stepped across the limb at intervals
of 1 sec of arc. The slit was also equipped with an
imaging system which allowed the crewman to see exactly
where the sun's limb fell on the slit plate relative to
the slit in order to calibrate the automatic image-
positioning device. The instrument suffered principally
from having too long a slit to isolate sufficiently the
smallest solar features, but it performed very well, and
6400 spectra were obtained.

The NRL photographic and HCO photoelectric instru-
ments complemented each other in many ways. The
spectral range covered by HCO, nominally 280-1350 A,
overlapped generously NRL's SO82A range, 171-630 A, and
S082B's range, 970-3940 A. The advantages of photoelectric.
over photographic recording are the increased precision
of the intensity measurements and the wider dynamic range
covered. Photographic recording, on the other hand, is
capable of gathering information far more rapidly than
photoelectrlc, but to cover a large dynamic range requires
making a series of exposures covering a wide range of times.
In temporal resolution photoelectric recording is %uperlor-



photographic excels in spatial and spectral resolution.
To the greatest extent practicable SO55, SO82A and B were
operated together.

2.2 Supporting Instruhentation

Each group of ATM experimenters recognized the need
for supporting instrumentation of various kinds in order
to make optimum use of the six major solar instruments.
The supporting instruments fall into several classes as
follows:

(1) Instruments to enable the crewman to point the
ATM at a pre-selected solar position with pre-selected roll,
with coordinate values displayed on-board, and telemetered
to ground.

(2) Instruments to present solar images to the crewman
in various wavelength bands, to enable him to point the
ATM at features of interest that he could see.

(3) Instruments to alert the crew to the occurrence
of a solar flare so that they could initiate observing
programs, and also instruments to assist in anticipating
the occurrence of a solar flare.

. The H-Alpha Telescopes

The two H~-0 telescopes were the most useful devices
for showing the crewmen the precise pointing of the ATM
. relative to features on the solar disk and for recording
this position. A spectral resolution of 0.7 A was achieved
with Fabry-Perot-type filters. This assured maximum
visibility of solar flares and the chromospheric network.
Zoom lenses were arranged to provide optical telescopic
systems which could be used at low or high magnification,
with a resolution of 1 to 2 arc sec at the high setting.
The ATM control and display (C+D) panel was equipped with
two identical cathode ray tube monitors of six inches
diameter, each with an electronic reticle. The images
produced by the two H-o telescopes could be presented on
either of these scopes, and any other TV-type image such
as the XUV monitor image could also be presented. It was
thus also possible to view at the same time a highly
magnified image of a small part of the sun and an image
of the entire sun.

H~a #1 was equipped with a camera for recording
photographically on 35 mm film the H~-a solar image as
projected on the S055 slit with 1 arc sec spatial resolu-
tion. A mechanically-movable reticle system adjusted to
the relative co-alignment between SO055 and S082B then made
it possible to record the precise positions of both S082B

and SO055. .



H-o #2 was not equipped with photographic recording,
and was used mainly to present for study by the crewman
a high quality H-a image of the entire sun. Like H-a #1
it was equipped with a movable reticle that was visible
in the image of the CRT, and could be zoomed to high magni-
fication. Therefore it also could be used for pointing.

White Light Solar Pointing Devices

There were several instruments that imaged the sun
in white light and could be used for establishing and
recording solar pointing coordinates. The principal device
was the optical pointing control system (PCS), described
earlier. This was designed to point the entire ATM at any
desired angles in pitch and yaw relative to the solar
center with an accuracy of 1.25 arc sec. The pointing
coordinates were displayed on the C&D panel and were also
transmitted by telemetry for recording on the ground.
In addition, they were recorded on the ends of the film
strips of S082A and B by photography of a photodiode
matrix built into each of these instruments. Additional
pointing information was given by the special white light
pointing error sensor built into S052 for the purpose of
aligning the external and internal occulters and the
entire instrument.

Roll, however, could not be established as easily
and accurately as yaw and pitch. Several methods were
available. One utiilized the Skylab rate-gyro system
which operated together with the CMG's to stabilize the
entire Skylab. A possible but little used method was to
observe a sunspot in the white light image projected on
the S082B slit and displayed on one of the CRTs of the C&D
panel. The most precise information was given by a
star tracker mounted on the ATM. The star tracker
measured the angle between Canopus or certain other stars
and the ATM yaw and pitch directions.

The XUV Monitor

The XUV monitor of NRL was a device which showed the
crew in real time a visible image of the sun produced by
its emission in the extreme ultraviolet band 171-500 A,
approximately. This band included radiation from the
corona and transition layer, with a contribution of about
20% from the chromosphere. The monitor was equipped
with a reticle circle and cross that permitted it to be
used for pointing with a spatial resolution of 15-20 arc
sec. The pattern of features and their intensities on’ this
monitor were more nearly like those of the radiation studied
by the solar instruments than was the pattern of emission
shown by the H-o telescopes. The XUV images were trans-
mitted by TV to the ground several times a day for use by
the ATM PI's in planning the observing programs. A file



of the ground pictures plus polaroid exposures of the on-
board moniitor is available for study at NRL. The XUV
monitor was extremely valuable for predicting and locating
the occurrence of a solar flare and was also found most
useful for locating boundaries of coronal holes and bright
points in both active regions and the network.

X—Ray Detectors

As part of MSFC's S0O56 there was 1nc1uded a device
known as the X-ray Event Analyzer (XREA). Its purpose
was to measure the total X-ray flux emitted in the band
2.5-20 A, or 5-20 A and 27-33 A. The detecting system
made use of two proportional counters with pulse-height
analyzers and data processing for display to the crewman
and for telemetry to the ground. '

Another device somewhat similar to the XREA was the
Photomultiplier Exposure Counter (PMEC), constructed
by AS&E for use with S054. This used a photo-multiplier
to count the scintillations produced by X-rays in a
NaI: T4 crystal that viewed the entire solar flux. It
was equipped with filters that restricted its sensitivity
to the hard X-ray spectrum. A range of five decades of
intensity was converted by compression into a decimal"
range of 0-1000 counts per sec.

Still another X-ray detector was the X-ray imaging
system constructed by AS&E. This consisted of a small
Wolter lens which imaged the sun in X-rays onto a thin
scintillator crystal. The visible light scintillations
emitted by this crystal were detected by an image dissector
tube which scanned the image and displayed the X-ray sun
on a separate small CRT on the C&D panel. This image
allowed the crewman to determine which active region was
flaring. The principal use made of this system, however,
was for display of the X-ray count level being detected
by the IDT.

All three systems were used to record the solar
X-ray flux and to alert the crew to an increase in flux
level of magnitude sufficient to suggest that a flare might
be expected or that a.flare was in progress. The data
collected by the XREA and by the PMEC were of great value
to the principal investigator teams in connection with
planning during the mission and are also useful in the
interpretation of results. They supplement X-ray flux
measurements made by other 'systems, such as the NRL SOLRAD
9 and 10 solar monitoring satellites.



The Radio Noise Burst Monitor

The solar radio noise burst monitor provided monitoring
of the radio bursts emitted by the whole sun in the 6 cm
band. These radio bursts are sometimes precursors of flares.
The monitor consisted of a receiver and display that showed
on a meter above the C&D panel the level of noise in units
of solar radio flux. This device could also be used to
activate an audible alarm system to the crew when the flux
exceeded a certain threshold value.



Figure Captions

Fig. 2.1 A sketch of the Apollo Telescope Mount. Three of
the instruments can be seen attached to the central
cruciform supporting structure.
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Fng A sketch of the Apollo Telescope Mount. Three of the in-
struments can be seen attached to the central cruciform supporting
. structure.
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'Téble/ Summary of ATM Instruments

“

0. K. Garriott

. : . Manned (M)
Institution Wavelength | Wavelength Spatial- Field’ Temporal unmanned (UM)
Name and number P.1. (mission) range resolution resolution _of view resolution Recording unattended (UA)
White light HAO . 3700-7000 A - 8.2" 15-6R »40 sec Photographie, M, UM, UA
coronagraph R. M. MacQueen : ) . TV&T™M
8052 ) . ) . '
UV spectrograph NRL 3940-1940 A 0124 2" x 60" Anywhere »0.15 sec Photographic M
S082B R. Tousey 1970-970 A~ - 0.06 A" 2"x 60" within +24'
. ' o : : of sun ctr. ' .
EUV spectrometer-  HCO o . 1850-280 A 1.6A 5" X 5" 5% 5' 5m - Photoelectric M, UM, UA
spectrohcliometer ~  E.M. Reeves " 5x5 5 sec } and TM :
5055 _ . ' _ o 5" X 5" 40 msece .
XUYV spectrohelio- NRL 630-171 A 0.025A g 2.5"%x25" |, 67"x ~60 »2.0 sec Photographic M, UA
graph R. Tousey ' ) '
S082A .
X-ray spectrographic © AS&E 60-8.5 A Bands ~27 48' diam »2.5 sec Photographic M, UM, UA
telescope G. Vaiana - . grating: ’
5054 0.15A at
5054 7A
X-ray telescope MSFC 53-3A Bands ~2" 38' diam »3.5sec Photographic M,UA
" '8056 J. E. Milligan : : . .
Ha #1 _HCO 6563 £ 0.35 A- - ~1" 16-4.4' - 1/30 sec Photographic M, UM, UA
' E. M. Reeves TV & TM
Hwa #2 MSFC 6563:0.35 A - ~1" 35-7' 1/30 see TV & T™™ M
P. Hassler, Jr. ' ) '
" XUV monitor NRL . 171-500 A None 15" X 15° 56" diam " 1/30 sec TV & T™™M . M
R. Tousey to 4 sec
X-ray scope AS&E 2-10 A - None 1 48' diam ~1 sec TV & M
G. Vaiana 0-8A . . . L digital
PMEC AS&E 0-8 A . Pulse None Full sun Continuous _Digital M, UM, UA
. . G. Vaiana height ) & T™M
XREA MSFC . 2.56-33A Pulse None Full sun Continuous Digital M,UA
J. E. Milligan height & TM .
RNBM MSFC 6cm None Full sun Continuous Meter . M




3.0 THE SO82B INSTRUMENT¥*

The large NRL spectrograph used for Experiment SO082B
was a photographic instrument similar to those flown in
rockets by NRL from 1960 to 1966. The short wavelength
range covered the XUV from 970 to 1970 A with a spectral
resolution of 0.06 A, which was sufficient to obtain use-
ful line profiles. The long wavelength range extended
from 1940 to 3940 A with 0.12 A spectral resolution.
Double dispersion was used to reduce the focused stray-
light from the 1ong wavelength part of the solar spectrunm,
which at 5000 A is 10* more intense than at 1500 A.

To obtain sufficiently high spatial resolution a
primary mirror was used to image the sun on the spectro-
graph slit. In this way a solar element 2 arc sec wide
and 60 arc sec long was resolved. The mirror added a
third reflecting surface, however, which greatly reduced
the speed of the system at wavelengths less than 1100A,
the short wavelength end of the range where high reflec-
tance coatings are available. To compensate for this and .
to increase the speed generally, the instrumental astigma-
tism and therefore the lengths of the spectral lines were
reduced ,

Photoelectric servo-control of the primary mirror
was provided to enable the 2 arc sec wide slit to be
.stepped across the limb at intervals of 1 arc sec. The
slit was also equipped with an imaging system which allowed
the crewman to see exactly where the sun's limb fell on
the slit plate relative to the slit in order to calibrate
the automatic image-positioning device. The instrument
suffered principally from having too long a slit to isolate
sufficiently the smallest solar features.

Temporal resolution achievable was approximately 1
min, sufficient to follow the change in the spectrum during
~ the flash phase of a flare, or to search for oscillations
of a 5 minute period in the low chromosphere.

3.1 General Description

The overall optical system of the XUV solar spectro-
graph is shown in perspective in Fig. 3.1. It consisted
of a single mirror telescope and a double grating spectro-
graph. '

The spectrograph directed the light passing through
the slit to one of two interchangeable predisperser
gratings, which selected the short or long wavelength band
reaching the main grating through the waveband aperture.

* Material for this section has been extracted from a
paper in Applied Optics, 16, 879, 1977, by J.-D. F.°
Bartoe, G. E. Brueckner, J. D. Purcell and R. Tousey.
Extreme Ultraviolet Spectrograph ATM Experiment SO82B.



The main grating was concave with 2000 mm radius of
curvature, 600 lines per mm, and 76 x 152 mm clear aperture.
The second order of this grating was used to cover the _
spectral range 970-1970 A. This was selected by means of
a 500 mm radius predisperser grating having 300 lines per
mm. When used in the first order the range 1940-3940 A
was selected by a predisperser ruled with 150 lines per mm.
Each predisperser was ruled in 10 parts, for each of which
the spacing was changed slightly to introduce a change in
sagittal focus just sufficient to compensate for the astig-
matism of the main grating.

The dispersion of the spectrograph was 8.3 A/mm and
4.2 A/mm in the long and short wavelength modes, respec-
tively. The spectral resolution was =~ 0.05 A at 1500 A and
~0.10 A at 3000 A. The spatial resolution, determined by
the slit and mirror, was 2 x 60 arc sec.

Photographic films used were Eastman Kodak Schumann-
emulsions, mainly type 104, but with some of the more
sensitive type 201. A camera magazine held 201 film
strips, each of which could be moved to 8 positions, per-
mitting the exposure of 1608 spectra per camera. A small
chip of fast, red sensitive film was placed at the end
of each film strip for recording essential exposure data
_displayed in binary code on a diode array flasher.

3.2 The Telescope and Pointing

The telescope mirror was an off-axis paraboloid, of
1l m focal length and 54 x 121 mm clear aperture. The
mirror formed on the entrance slit of the spectrograph
a solar image of 9.3 mm diameter, with a resolution of
approximately 1 arc sec, close to diffraction limited as
measured with visible light.

Figure 3.2 shows the telescope and the pointing
reference system. The telescope mirror was mounted on a
one axis pivot system which permitted it to be rotated by
a servo motor about an axis parallel to the slit. This
motion allowed the sun's limb to be aligned more precisely
with respect to the spectrograph slit, and provided greater
pointing stability in one axis than was achievable with
the ATM pointing system alone.

The stability in one axis was thereby increased to
=+ 1 arc sec with a jitter < + 1 arc sec per sec. 1In
laboratory tests the servo system was able to maintain
this pointing accuracy when exposed to drift rates as high
as 14 arc sec per sec. In addition, the pointing reference
system could position the solar limb at any angle with
respect to the spectrograph slit over a range of + 70 arc
sec with an accuracy of 1 arc sec. .



The servo loop was controlled by an image dissector
tube (IDT), which received an image of the sun reflected
by the slit plate. The slit plate itself was a thin film
of nickel over copper with a 10 micron by 300 micron slit
etched through it. In addition, fiducial marks were
etched into the nickel layer only. These fiducial marks
were used by the pointing reference system electronics to
determine the position of the solar limb with respect to
the slit. The slit plate and its slit were designed to
conduct away the heat produced by the solar image.

In the "limb pointing"” mode, the system was under
servo control. The "boresight" mode was used for manual
pointing of the spectrograph, for checking coalignment
with the other ATM instruments and especially the ATM _
pointing control system (PCS), and for locating sunspots.
In the latter mode, the IDT output from the whitelight
solar image on the slit plate was displayed on one of the
CRT s at the C&D panel.

Researchers who need to know the location on the sun
of a particular exposure must refer to supplementary docu-
mentation listed in Appendix A. The most directly useful
of these is the Harvard ATM H-Alpha Atlas and Atlas Guide
(#11), which gives a print of the sun exposued in Ha as
projected on the S055 slit, with the position of the S082B
-slit indicated. The appropriate orientation coordinates
are also given. In addition to the selected Atlas . prints
made for each ATM pointing change, all Ho exposures made
from Skylab are available separately on 35 mm film. See
also a description of the H-alpha telescopes in Section
2.2.

3.3 Astigmatism, Spectral Resolution, and Stray Light

By the introduction of the telescope mirror to the
spectrograph design, small regions of the sun could be
studied quantitatively, an advantage over earlier rocket
instruments. In the former instruments the predispenser
gratings served to form-a very small image of the sun on
the slit, and were also slightly deformed to neutralize
the astigmatism of the main grating. By ruling a special
type of predisperser for SO082B, instrumental astigmatism
was reduced and speed was increased to offset the loss
incurred by the third reflection of the telescope.

Figure 3.3 illustrates the astigmatism acquired by
use of the Rowland mounting for a grating. With the
rulings of the grating perpendicular to the plane of the
paper, the tangential focus of the diffracted slit image
from A lies on the Rowland circle at B, where the slit
width is in focus. The sagittal focus, or focus of the
slit length, lies on a line perpendicular to the gratlng
normal and tangent to the Rowland circle as at point C.



This is known as Sirk's position. A converse arrangement
with the tangential focus at point B and the sagittal focus
focus at point C should produce a stigmatic image at point

A. The predispersers of the ATM spectrograph were designed
to approximate this special condition. The idea was to make
use of the change in sagittal focus of a concave spherical
grating, secured by continuously changing the grating spacing
in the proper way during ruling. This property of a grating
has been known for some years in connection with grating
errors; it had never been made use of in spectrograph design.
To rule such a grating would have required development of a
device by means of which the grating spacing could be changed
continuously and precisely. It was possible, however, to
approximate the continuous change with a multipartite grating,
ruled in ten 40 mm long and 3.6-mm wide segments, each having
.a slightly different ruling spacing. In the reduction of

the astigmatism the spectrum was narrowed, and an increase

in speed of the instrument was obtained.

Figure 3.4 illustrates the effect of the segmented
predisperser. Diffracted rays from each segment come to
a tangential focus on the Rowland circle of the predisperser
grating, as in a conventional Rowland mount. However, the
ray bundles from different panels cross each other at point
C before they reach the Rowland circle of the predisperser.
Thus a pseudotangential focus is formed at point C. The
sagittal focus of each panel still occurs along the predis-
perser's sagittal focal plane in the vicinity of point B.
Therefore the slit width is in focus at point B, while the
slit length is in pseudofocus at point C, the Sirk's posi-
tion for the main grating. .

The size of the clear aperture of the telescope mirror
allowed only the central eight segments to be illuminated.
As shown in Fig. 3.5, the diffracted beam from these eight
perdisperser panels considerably overfilled the main grating.
For any particular wavelength, only five adjacent predisper-
ser panels, or four plus a half panel at each end, illuminated
the main grating. This permitted the optimization to be made
over a greater range of wavelengths because different seg-
ments were used at, say, 1200 A than at 1800 A. The ruling
spacing of each predisperser segment was chosen to optimize
the distance between points C and B for the different parts
of the wavelength range. Figure 3.6 shows the astigmatism
at the film plane for both uniformly ruled and segmented
predispersers as a function of wavelength. The spectrum
height for the case of the segmented predisperser on the
average is one-fourth that for the uniformly ruled predis-
perser. Thus the instrument speed was increased by about
a factor of 4. Without this increase in speed, the long
exposure times necessary to obtain the weaker lines and
continua of the solar XUV spectra, particularly for record-
ing spectra above the solar limb, would have been too long
for practical application on Skylab.



Although the segmented predisperser increased the
instrument speed, it degraded slightly the spectral resol-
resolution at the film plane. This was caused by the off-
plane aberrations of the Rowland mounting. As Fig. 3.7(a)
illustrates, the beam incident on the main grating was not
parallel to the plane of the main grating's Rowland
circle, and the departure was a function of wavelength.
Point B is the sagittal focus of the predisperser; it is
also the point at which the main grating Rowland circle
intercepts the plane of the figure. The line at point B
defining the extent of the beam diverging from C is not
centered with the Rowland circle plane, and the beam
incident on the main grating is inclined with respect to
this plane.

Thus the main grating is used off-plane. Figure 3.7
(b) illustrates a conventional Rowland mounting with an
off-plane slit source; Fig. 3.7(c) shows the curved and
tilted line image of the slit that is produced. The
aberrations are exaggerated and not to scale. When the
segmented predisperser is used, each segment illuminates
the main grating at a slightly different angle in such a
way that the final image is compressed; however, the com-
pressed portions are not in precise registration in the
lateral direction, as illustrated in Fig. 3.7(d). Hence,
the spectral resolution is degraded.

Figure 3.8 shows the spectral resolution at the film
plane as measured from laboratory spectra. The upper
and lawer curves apply, respectively, to the short and
long wavelength ranges of the instrument. Photometrically
determined full widths at half maximum were used to obtain
the measured points. For comparison, the theoretically
attainable resolution, as derived from a 3-D ray tracing
computer program, is indicated by the solid line. For
the most part, the spectral resolution is 30,000, but is
decreased to 20,000 at the short wavelength end because
of the off-plane aberrations. The spectral resolution
of the instrument achieved during flight agreed well with
the preflight laboratory measurements.

A shortcoming in this design of a double-dispersion,
dual predisperser spectrograph lay in the use of the
second order of the main grating in combination with the
first order of the 300-1/mm predisperser. The focused
stray light from the predisperser that included all wave-
lengths came to a vertical linear focus on the waveband
aperture; this aperture -allowed a significant fraction to
pass through and onto the main grating. ' The main grating,
in turn, brought the long wavelength portion of the stray
light to focus in its first order. Therefore, the desired
spectrum, 977-1970 A, was overlaid with a broad, faint
spectrum of 1954-3940 A wavelength, whose height was deter-
mined by the waveband aperture. This unwanted spectrum was



of greater intensity relative to the XUV for spectra of
regions on the sun's disk than for positions close to or
above the limb. It became insignificant at wavelengths
shorter than 1500 A. The predisperser grating was ruled
in a way that minimized the focused stray light.



3.4 Optical Coatings

The optical surfaces were coated to provide the maximunm
reflectance possible for the short wavelength band and to
reduce the speed in the long wavelength band where the solar
intensity is so great. Figure 3.9 lists the coatings on
each element and shows .the total instrument reflectance,
including the efficiencies of the gratings.

In order to obtain the maximum possible efficiency at
the short wavelengths where the solar spectrum is weakest,
the 300-1/mm predisperser and the main grating were blazed
at 1200 A. The peak in the instrument reflectance at about
1300 A shows the effect of the blaze. The sudden decrease
in reflectance below 1200 A was caused mainly by the
decreasing reflectance of the magnesium fluoride; it was
especially prominent because the beam was reflected by three
such surfaces. The minimum at 2900 A is a characteristic
of the multilayer Al-7%2nS coating. .

3.5 Thermal Control System

In order to maintain good focus and to avoid smearing
the image, the over-all temperature of the spectrograph
was maintained between 20.9° C and 21.2° C, and the local
thermal differences were held to less than 0.2° C, although
-the temperature of the ATM canister ranged from 10 C to
27° C and that of the ATM spar from 16° C to 21° C. Prior
to _installation in the ATM, the instrument was focused at
21 C. A combination of passive thermal shielding and
active thermal control panels was used to control the over-
all temperature.

Prevention of direct heating by the incident solar
radiation was accomplished mainly by a mirror that
encircled the slit plate. This mirror reflected the por-
tion of the solar image not striking the slit plate back
to the telescope mirror and out the front aperture. 1In
addition, there was a heat rejection mirror surrounding
the perimeter of the telescope mirror; this reflected
out the front aperture any radiation that overfilled the
mirror. These heat rejection mirrors kept differential
heating of the instrument at a minimum, thus preventing
significant smearing of the final image at the film plane
during long exposures.

3.6 Film and Film Camera

Kodak Special Film types 104 and 101 were used.
Both are VUV sensitive Schumann emulsions deposited on a
thick gelatin pad carried on a 7-mil Estar base. The
gelatin pad between the base and the emulsion contained
a yellow antihalation dye to absorb scattered solar
radiation longer than 2500 A.



From 1000 A to 4000 A type 101 film is approximately
two to five times faster than type 104. However, tests
conducted prior to the Skylab mission revealed that type
101 film is disproportionately more susceptible than 104
to environmental effects. Therefore, the majority of the
film strips used in the cameras were of type 104.

When received from Kodak, the film was in 100-ft rolls,
70 mm wide. Due to the great sensitivity to abrasion of
these emulsions, each turn on the roll was separated from
its neighbors by raised rails that consisted of a band of
polystyrene beads secured to the gelatin and placed along
each edge of the film. The strips of film for the spectro-
graph, measuring 35 mm x 250 mm, were cut from the center
of the 70-mm wide rolls and mounted in flexible anodized
aluminum holders. A chip of Kodak Plus~x panchromatic film
was mounted at the end of each holder to record the diode
matrix flasher exposure data. Two examples of the film
strips and chips are shown in Fig. 10. Eight solar spectra
and the diode array data exposures can be seen on each
strip. The top strip is a flare spectrum in the short
wavelength region (970-1970 A). The bottom is a limb scan
exposure sequence containing both long and short wavelength
spectra.

The camera carried 201 holders which were stacked in
two columns of 100 each, one column above the other. As
the camera was cycled, the perimeter of the strip to be
exposed was pressed against a carrier which was shaped to
the Rowland circle focal plane of the main grating and was -
registered to within 0.1 mm. The carrier was transported
parallel to its long dimension in 3-mm steps, thus allowing
eight exposures to be recorded on each strip. The camera
was mounted to the instrument, as shown in Fig. 3.11, by a
latch and guide rail system which provided easy installa-
tion and removal by the astronaut while maintaining
accurate registration with the focal plane. Prior to
being mounted in the instrument, the camera was stored in
a sealed canister filled with nitrogen. After use on the
instrument, the camera was returned to the canister and
sealed while in the space vacuum.

3.7 Instrument Performance

The spectrograph operated well over the entire Skylab
mission. There were no anomalies, except those connected
with Schumann film, which are described elsewhere in this
Guide (Sec. 4). One camera was exposed during SL-2, two
during SL-3, and one on SL-4. A total of 6408 spectra was
obtained.



In Fig. 3.12 there is reproduced a sample section
of eight exposures made at the beginning of the first
mission. This shows the 1170-1245 A region, less than
10% of the entire coverage in the short wavlength position.
These exposures were made in the autamatic limb scan mode.
Exposures of 160 sec were made between the white light
limb and -12 sec of arc inside. The exposures made above
the limb to +8 sec of arc were four times longer. This
limb scan was carried out when an active region was on the
limb.

The Lyman- & line of hydrogen, 1216 A, is seen to reach
greatest intensity in the chromosphere, 2 sec of arc above
the 1limb. All images of it are greatly overexposed. The
profile of the line is conspicuous; broad wings, the central
maximum doubled by deep self-reversal caused mainly by the
great optical density of the solar atmosphere at the center
of the line and also by the telluric hydrogen absorption
core. When observed close to the limb, the double peaks
became so intense that their images were solarized. Between
the solarized images one can see an extremely narrow non-
solarized line; this is the telluric absorption core, whose
width is 0.025 A. The other chromospheric and low transi-
tion region lines, Si II, Si III, C III, N V, maximize at
the same limb position, approximately, as does Ly- «.

The behavior of the coronal and high transition region
‘lines is different. For example, Fe XII, 1242.0 A, is
extremely faint on the disk at -12 sec of arc. It is most
intense above the limb and stays intense all the way to
+8 sec of arc above the limb.

Shown on Figure 3.12 are several lines whose identifi-
cations are new*. Mg VII, 1189.8 A, S X, 1196.2 A and
1213.0 A, S V, 1199.2 A, and Fe XIII, 1216.4 A. 1In older
low dispersion spectra the intersystem line OV, 1218.4 A
was barely visible above the Lyman-& wing, much as is the
case in Fig. 3.12 for Fe XIII, 1216.4 A, which is three
times closer to Ly- othan O V. :

wWwithin the 1000-A short wavelength coverage of the
spectrograph approximately 4000 lines can be resolved.
Some 50% have been identified. In Fig. 3.12 there are
present about 25 unidentified lines, most of them weak. An
emission doublet of some interest can be seen at 1243.9 A,
1240.4 A, just to the right of the shorter component of
N V in the exposure at +2 sec of arc. This is the transition
Mg II 3s 2Si - 4p ®Pgy, } the first members of the
principal series of Mg II. In long exposures on the disk
the two lines are present in absorption against the wing
of Ly- o; they are the Fraunhofer lines of shortest wave-
length as yet obtained in the solar spectrum.

A}

* G. D. Sandlin, G. E. Brueckner, and R. Tousey, Ap. J.
214, 898, 1977, Forbidden Lines of the Solar Corona and

Pransition Zone: 975-3000A.
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Figure Captions
The optical system of the XUV spectrograph in ATM.

The telescope and the pointing reference servo system
that stabilized the sun's image on the slit; the

long dimension of the slit lies in the plane of the
figure. '

Astigmatism of the Rowland mounting.

The pseudoastigmatism of the predisperser ruled with
ten segments of different spacings.

I12umination of the main grating by the ten paneled
predisperser for different wavelengths.

The decrease in length of the épectral lines achieved
by use of the segmented predisperser.

The off-plane aberrations of the double-dispersion
spectrograph and the effect of the segmented predisperser.

The spectral resolution of the ATM spectrograph, showing
points plotted from measurements made prior to flight
and curves calculated with a 3-D ray tracing computer
program. The upper section is for the short wavelength
range and the lower for the long.

The total reflectance of the instrument, including both
main and predisperser gratings and the telescope mirror.

Photographs of two strips of film exposed by SO82B.

The SO082B spectrograph resting on a granite block and
showing the thermal control panels. The camera is
located at the front center of the photograph.

An example of spectra obtained during the limb scan mode.
The wavelength range is 1170-1245 A, about 1/10 of the
entire coverage. Positive limb positions (in sec of arc)
refer to positions above the limb.
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4.0 FILM HISTORY*

Commencing in 1946, when V-2 rockets first made possible
experimentation from above the earth's atmosphere, there has
been an increasing need for photographic film with which to
record the XUV spectrum of the sun. The emulsion type most
sensitive to the XUV was invented by Schumann in 1892 and
perfected by 1901. Schumann recognized the fact that gelatin
is opaque to the XUV. As a result he developed an emulsion
with just enough gelatin to hold the silverhalide crystal
on the base material, but the layer of gelatin was so thin
that it was effectively transparent to the XUV. These
emulsions could not be touched without destroying them.

For 50 years Schumann plates were made by hand and in

. severely limited quantities. Eastman Kodak was first to
produce a Schumann emulsion on a film base by machine coating.
They also developed a method of preventing abrasion between
turns of packaged rolls by coating each edge of the film with
a spacer 0.2 mm thick, consisting of polystyrene beads held
down with gelatin. They named the new, fast emulsion 101

and produced as 104 a slower, but finer-grained emulsion
having the beaded spacers. All these emulsions were unpro-
tected, hence extremely susceptible to abrasion. Although
now nearly free from defects, fog problems and other effects
have continued to arise; some are described in this Guide.

4.1 Batches

The film strips required by the XUV spectroheliograph
(S082A) and spectrograph (SO82B) were 250 mm long and 35 mm
wide. To provide for this size, Eastman Kodak produced 104
and 101 films in special rolls, 70 mm in width, and 30 m
(100 ft) in length. The required strips were cut from the
center. Three rolls were sufficient to provide the 200
strips needed for each camera. Ten rolls were made from
one batch of emulsion. Strict controls were required to
produce the many batches of emulsion needed to manufacture
film that was satisfactory for (ATM) experiments in the
large -quantity required. 1In the past it was not uncommon
to find variations from batch to batch, and even within
a single roll, on the order of a factor of 2 to 5. Eastman
Kodak succeeded, however, in improving dramatically the
over—-all -quality of both 104 and 101 films. Large quantities
of these films were produced that were uniform to a degree
never previously achieved; they were remarkably free from

*Material for this section has been extracted from a
paper in Applied Optics, 16, 887, 1977, by M. E. VanHoosier,
J.-D.- F. Bartoe, G. E. Brueckner, N. P. Patterson, and.

R. Tousey. Experience with Schumann-type XUV Film on Skylab.
More detailed information about the film may be found in
in that source.



blemishes of all kinds. Generally, the sensitivity thres-
hold did not change significantly with batch or from place
to place over a roll. The maximum density D pax and the
contrast varied between batches, but not greatly. Type
104 batches having D max between 1.4 and 1.6 (as measured
with a Grant microphotometer) were accepted for use 1n

. ATM.

4.2 Film Sequence Log

Each of 10 cameras exposed for experiments SO82A and
S082B during Skylab contained film strips cut from several
different rolls, and each camera load of strips was developed
in several different runs. A record was kept of the roll
of film from which each film strip was cut, the emulsion
batch in which that roll was manufactured, and the develop-
ment _run in which the film strip was developed This record
is known as the Film Sequence Log, and it is reproduced
for SO82B in Appendix C. The emulsion batch appears as the
second suffix in the film type number of each roll, i. e.

Film Type
104 - 06 - 05
(Type 104 (7 mil (batch 5)
emulsion) Estar
base)

The full complement of film strips (approximately 201)
was .exposed in all SO82B cameras. Development run A was
made as a test prior to the full tank runs.

4.3 Mounting

A major design problem in of both SO82 instruments was
the camera. It was decided not to attempt to use Schumann
film in roll form because of the many difficulties associated
with abrasion, environment, static electrical effects, and
precise registration of the film to the focal surface.
Rather, each film strip was carried in its own metal holder,
and approximately 200 strips were held in each camera.

The design of the metal holder involved the choice of
a suitable metal and configuration so that, when bent into
position, the film would lie precisely on the Rowland
circle, within a tolerance of 0.2 mm. An equally 1mportant
consideration was to choose a material for the holders that
would not fog Schumann film.



Holders of two types were used for experiments SO082A
and S082B. The first choice was 0.25-mm stainless steel
which was believed compatible with Schumann film. It was
necessary, however, to increase its stiffness for the 2 m
focal plane radius of the S082A instrument by stamping
five depressed ribs lengthwise into each holder; otherwise
the unsupported area would not conform properly to the
Rowland circle. As discussed in articles about the S082A
experiment, these grooves were found to be a source of fog.

The S082B focal plane radius was only 1 m, and the
tolerance on conformity to the Rowland circle was very
tight. For this instrument the holders were made of 0.8-mm
thick aluminum sheet, which was sufficiently stiff and
uniform so that ribs were not required. However, before
forming the retaining lips, it was necessary to reduce by
machining the thickness of the aluminum to be bent.

Use of aluminum for film holders had been avoided as
long as possible, because of its long history of fogging
Schumann film, from rocket experiments and experience in
the laboratory. A test program was set up to investigate
film fogging by metals. It was found that freshly
machined aluminum did, indeed, fog types 104 and 101 films;
but aluminum, if completely anodized, did not. Therefore,
the aluminum holders were. thoroughly anodized after machining
and bending. These holders caused no fogging of flight film.
Similar precautions were taken with all parts of the camera,
even though they were not located close to the f£ilm. Black-
anodized aluminum, made by dying black the anodized layer
before it was dry, was found safe. Magnesium was not used
because, when chemically blackened, it produced fog.

Figure 4.2 shows a partially disassembled view of a
camera loaded with empty film holders. Each camera, of
which 10 were flown on Skylab, was extremely complex. The
quasi-carrousel design allowed the loaded film holders to
be transferred sequentially and rapidly into and out of the
focal position, from one stack of 100 to the other stack,
while another transfer occurred at the back. When all the
holders had made the circuit once, the camera was fully-
exposed. In flight, the only camera that malfunctioned
was the one actually in place in the S082A instrument during
the launch.



4.4 Processing the Film

Over the years of using Schumann type film, and after
considerable additional experimentation, it was decided that
D-19 mixed 1:1 with distilled water provides the greatest
uniformity, freedom from chemical fog, and minimum Eberhardt,
edge and adjacency effects. The following procedure was
adopted to provide maximum control and uniform quality of
the flight exposures.

One flight strip from each mission was selected and
processed alone at the start, to ensure that each returned
flight load had not received degradation which could be
corrected by different processing. The remainder of the
film was developed in batches of 40 flight strips and 10
laboratory - exposed control strips. The flight strips
were left in their holders, together with the Plus-X data
chip. All strips were attached to a rack in a vertical
position. The solutions were held in large, stainless
steel tanks. Each tank contained 40 liters of solution,.
a quantity considered sufficient to process the entire
~contents of one camera without depletion.

The rack of 50 film strips was first presoaked in a
tank of distilled water for 4 minutes. This was an important
step because it prevented infectious development by allowing
the dried-out gelatin pad to swell. Otherwise, whiskers
growing on exposed grains could touch adjacent unexposed
grains, making them developable. Immersion in the water
was done quickly, but smoothly; if strips are immersed
unevenly, marks are produced by the stresses of nonuniform
swelling. All solutions were maintained at 20° C. It
was important to avoid elevated or changing temperatures,
which would cause reticulation of the gelatin pad.
Development was for 4 min., followed by 30 sec in acetic
acid short-stop, 4 min. in Kodak acid fixer, a 20 min. wash
in filtered tap water, removal to a class 10 K clean room,
rinsing in distilled water, and hanging to dry.

An important part of the development process was the
use of No bubble agitation, introduced through an array
of many small holes, roughly 3/4" apart, in a plenum at the
bottom of the tank. A one second burst of N, was produced
at 10 sec intervals. 1In addition, the entire film rack
was moved laterally by hand, alternately parallel and per-
pendicular to the film, at a speed of about 1 cm per sec.
This procedure had been found to produce uniform develop-
ment.

The five development runs which were required for each
camera could be completed in one day. The development
process was controlled by including in each development
the 10 control strips of film from the same batch on which



a standard series of exposures had been placed 48 hours
earlier. These 2 cm by 10 cm strips were exposed to the
continuum spectrum of a D2 lamp, dispersed by a McPherson
normal-incidence monochromater/spectrograph. The exposure
times were 1 and 10 sec. The intensity was reduced in
steps of a factor of 2 by means of sectored disks, covering
the range of 1:100 in transmittance. The spectral range )
was 1650 to 2400 A. Use of these control strips was mainly
to serve as a check that the development was the same each
time it was carried out. The H - D curves of control strips
developed in various runs were found to agree to + 0.02

in log E.

-~

Finally, the dry film strips, while still in the clean
room, were mounted between high quality glass plates of 1.25
mm thickness, which had been anti-reflection coated on the
inside surfaces to minimize Newton's rings. The film strip
was surrounded with a brass spacer, of thickness slightly
greater than the film. This, together with the normal curl,
prevented the emulsion from being touched by the glass.

The sandwich was then sealed with plastic tape and stored
in a vault.

4.5 Loss of Dpax and Contrast

An unexpected film effect was a reduction in D, ..  and
contrast on all of the flight film, apparently due to pro—
longed exposure to the hard vacuum in space. Figure 4.2
shows a comparison between the characteristic curves for
Types 101 and 104 flight f£ilm and those for film samples
from the same emulsion batch kept at 2° C in the laboratory.
Especially conspicuous is the long, flat maximum on the
flight film. This is followed by a sudden turn-down caused
by solarization, for extremely high exposures (typical of
solar flares). These curves show that there was no loss in
threshold sensitivity. Film stored for an extended period
under vacuum in the laboratory did not show this effect.
That the loss was due to a cause other than degradation of
the latent image was shown by sensitometric tests made post-
flight on unexposed strips of flight film.

4.6 Fog

Fog levels expected from the proton flux did not
materialize in flight. It had been realized that the fog
prediction was not too certain, therefore a single strip
of type 101 film was included as a test in most cameras
on SL-2 and 3. The proton fog level for type 104 film
was negligible and for type 101 only 0.02. The explanation
appears to be that the proton flux from the South Atlantic
anomaly was much less than was expected, and also that
the shielding provided by the Skylab was more effective
than calculated. Furthermore, high temperatures were nhever"



experienced. No fogging of the film occurred due to ions,
metallic surfaces, or contamination.

There was insufficient time to include any type 101

film in cameras resupplied in SL-3. However, some was
~ included in the cameras for SL-4. The five times greater

sensitivity made possible several investigations. It
permitted recording coronal spectra to greater altitudes
above limb than was possible with type 104. Through its use
the profile of hydrogen Lya as emitted from the extended
hydrogen cloud surrounding the comet Kohoutek was photo-
graphed, and it extended to shorter wavelengths the spectral
coverage of S082B. This successful use of type 101 was,
however, at the expense of added risk of fogging, reduced
accuracy of calibration, and increased granularity.



Fig. 4.1

Fig. 4.2

Figure Captions

A photograph of a loaded and partially disassembled
camera. Only the upper stack of 100 film holders
can be seen. The closed shutter is seen in the
plate at the right. All the actuator mechanisms
were located at the sides.

Typical curves of density vs log exposure for .
Eastman Kodak types 101 and 104 film. One set applies
to film that had been exposed to the space vacuum
during Skglab, while the other is for control film
kept at 2°C in the laboratory. The extension of the
type 104 curve to large values of exposure shows the
solarization response, as estimated.



Figﬁl' A photograph of a loaded and partially disassembled S8SZA
" camera. Only the upper stack of 100 film holders can be seen. The
closed shutter is seen in the plate at the right. All the actuator
' mechanisms were located at thesides. . . ..
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5.0 CALIBRATION AND ABSOLUTE SPECTROPHOTOMETRY* ”/ 4/

Accuracy of calibration of instrumentation used in the
extreme ultraviolet has always been a problem of great
difficulty. Early in the ATM program it was proposed by
HCO and by NRL that' their instruments be calibrated by
comparison with carefully standardized instrumentation
flown in rockets. One calibration rocket (CALROC) flight
per mission for each institution-was considered to be the
minimum required because the sensitivity of the ATM instru-
ments was expected to change during the course of the nine
months over which they would be used. The fundamental idea
was to make simultaneous solar measurements using both
rocket-borne and ATM instruments. Absolute intensities
derived from the well-calibrated rocket instruments would
then serve to calibrate the sun so that it could serve
as a standard source with which to calibrate. the ATM
instruments.

The plan of NRL was to fly instruments almost exactly
like those of ATM but reduced in size by a factor of two.
The ATM spectrograph could operate in either of two wave- .
length ranges: 970-1940A, or 1940-3940A. 1In the latter,
* orr™long.‘wavelength”- range; absolute intensities had already
been well-determined by Tousey et al. (1) and by Broadfoot
(2). Therefore the CALROC instrument could be simplified
and improved over the ATM instrument by eliminating'the
long wavelength range and utilizing both the miain and pre-
disperser gratings in the first order. 1In this manner
stray light which was present in the ATM instrument was
eliminated from the CALROC instrument.

NRL, together with Ball Brothers Research Corporation L—
_(BBRC))Goddard Space Flight Center (GSFC), and the Ames
Research Center, developed a command system by which the
instrumentation section of the rocket, after separation
from the booster, could be pointed at particular positions .
on the sun. This was done by a radio command link combined
with a television system which displayed to the PI on the
ground an H-J- image of the sun reflected from the slit —
plate of the spectrograph. By command loop the PI could
then orient the slit precisely during the flight to any
desired solar feature.

The CALROC program required a great effort, but the
results proved to be highly successful. In the remaining

* Material for this Section has been gathered from helpful
discussions with Drs. K. R. WNicolas, 0. Kjeldseth Moe, N.
P. Patterson, J. W. Cook, G. A. Doschek, and U. Feldman.
Portions of material have been extracted from References
3, 5, 6, 7, and 8, listed at the end of this Section.



paragraphs of this Section, methods of obtaining absolute
solar intensities from the ATM data are discussed. First
the CALROC instrument and the method used for its absolute
calibration in the laboratory are described. Reduction of
the CALROC solar exposures then gave absolute solar inten- .
sities, which were published in a spectral atlas for the
range 1175 to 2100A (3). By comparison of identical spectral
features measured by CALROC and ATM, a wavelength-dependent
absolute sensitivity plot was produced for the ATM spectro-
graph during the second Skylab mission. A method which can
be used to transfer this calibration to other film batches
and other Skylab missions is then presented. Also included
is a discussion of precautions to be observed in the photo-
metry of the ATM film. Finally, the method and instrumental
response curve needed to obtain absolute intensities from
the long wavelength ATM data are provided.

5.1 CALROC Calibration

CALROC flights were made on June 13, 1973, Sept. 4,
1973 and Jan. 15, 1974. The calibration instrument, flown
on a Black Brant VC rocket, was a 1/2 scale model of the
ATM S082B spectrograph and used a 1 m focal length off-axis
parabolic mirror to focus a solar image onto the spectrograph
.8lit. --Behind the entrance:slit.was.a:double- -dispersion ... -
“spectrograph. A predlsperser gratlng, :consisting ‘of panels
with_slightly varying grating constant (average 200 lines
mm ”1), formed a dispersSed imagé of the slit on a slot which
selected the wavelength band to be recorded and blocked all
visible light from striking the main grating (2150 lines '
mm ~1), which was mounted in a Rowland configuration. Both
gratings were used in the first order; this eliminated stray
light which was present in the ATM instrument. (See Sec. 3.3).
The film strips on the Rowland circle were 200 mm long and |
covered the spectrum from 1170 to 2100 A with a dispersion of
4.7 A mm and a spectral resolution of 0.07A, closely com-
parable to the ATM spectrograph (See Sec. 3).

An absolute calibration of the CALROC spectrograph was
made in the laboratory utilizing a standard deuterium (D, )
lamp calibrated as a function of wavelength between 1650A and
2600 A at the National Bureau of Standards (NBS) before and
after the flights. For shorter wavelengths this source
cannot be used as a standard because of the appearance of
numerous Dg molecular lines. Between 1250 A and 1700 A a
relative spectral calibration was -obtained after the flight
using a high pressure argon arc as an intensity standard
(Bridges and Ott, (4)). By matching this relative calibration
from the argon arc to the deuterium lamp absolute calibration
above 1700 A, it was then possible to extend the absolute
calibration of the rocket instrument to 1250 A. A detailed
description of the deuterium lamp calibration is given by
Brueckner et al. (5), while Kjeldseth Moe et al. (3) have
described the argon arc calibration.



Spectra of the deuterium lamp were exposed by the
instrument before and after each flight to detect any change
in instrument sensitivity. 1In addition, segments of the
lamp spectrum were placed on each strip of the flight film
prior to flight to minimize errors resulting from film
inhomogeneities, development problems, and film environment
during flight. These segments were exposed with the flight -
instrument, using a 1 m off-axis parabola as a collimator.
Short of in-flight calibration, this method was as close as
possible to an ideal calibration for irradiance measurements.
The only optical element which had to be measured independ-
ently was the collimator mirror. Care was taken to assure
that the illumination of all optical elements of the flight
instrument was identical during the calibration and the solar

exposures.

The film characteristic curves relating film density
above fog level to relative exposure were constructed from a
series of flight exposures in the manner described in Sec.
5.3.1. Fig. 5.1 gives an example of the CALROC characteristic

curve.

Absolute solar intensities derived from the CALROC pro-
gram for use in the ATM calibration have been published as
"A Spectral Atlas of the Sun between 1175 and 2100 A" (3),
described in more detail in Sec. 8. The data have also been
used.in various other studies of the sun,. which are listed in
the Bibliography, Appendix- D.: : . T h

552 ATM éalibration

CALROC essentially calibrated the sun, making it a
secondary standard source. As nearly as possible the CALROC
instrument observed the same regions as the ATM, although at
a time which was a few hours away from the ATM observations.
The accuracy attained in pointing both instruments, together
with the closeness in times of observation, made the cali-
bration of the ATM intensities from CALROC both simple and
accurate. Only a direct transfer of intensities from the
CALROC spectra to the ATM spectra was 1nvolved, without the
need to consider the possibility of changes in 1nstrument or
film sensitivity.

The instrument sensitivity curve derived from a com-
parison of ATM and CALROC exposures is presented in Fig. 5.2.
(Kjeldseth Moe and Nicolas (6) and Nicolas (7)). The
logarithm of exposure, E, (=It) is plotted vs. wavelength.
Absolute units on the ordinate scale arg given 1n1terms of the
intensity, I, of the source in ergs cm “s required
to produce an exposure. of density 0.30 in 1 sec. Above 1500A
the curve was derived from measurements of the continuum and
also of emission lines from neutral and singly ionized atoms.



Below 1500 A, only lines from neutral and singly
ionized species were used (7). _

In addition, the calibration curve has been modified
to incorporate more accurate data obtained from a reflight
of the CALROC instrument on Oct. 22, 1976. At that time,
the argon arc had become available as a calibration source,
and measurements of the arc intensity were made close to
the date of flight, both before and after 1launch.

For photometry on the linear part of the film character-
istic curve, as described in Sec. 5.3.1, the estimated accurac
of intensity measurements derived from the data of Fig. 5.2
is 50% rms. The uncertainties in the film characteristic
curve, in the original deuterium lamp calibration, in the
relative calibration with the argon arc, and in the transfer
of the rocket calibration to the ATM instrument all contri-

bute to the total error.

An independent calibration of the short wavelength ATM
data has been published by Doschek, Feldman, VanHoosier, and
Bartoe (8). They compared arbitrary continuum intensities
obtained from the Skylab spectra with the absolute intensi-
ties at sun center in the quiet sun continuum published by
Samain et al. (9). From the comparison they derived conver-
sion factors-to place their line intensities-on-an-absolute
scale. Their intensities thus converted to absolute values
agree well with the spectral intensities derived from Fig.
5.2 between 1400A and 1700A. Above 1700A the values agree
to within a factor of 2, with Doschek et al. high by a
factor of about 1.8 at 1900A.

Below 1400A, where the ATM continuum became too weak to
measure, Doschek et al. made use of the reflectivity curve
for the S082B instrument (10) for their determination of con-
version factors. Absolute values for their intensities in
this spectral range lie below the CALROC calibration by at

most a factor of 2.
5.3 Photometry of S082B Spectra

All intensity measurements of the SO82B data of NRL
have been derived from specular density measurements of
the film made with a Grant microdensitometer, operated
under control of a PDP-8 minicomputer. Various members
of the staff have developed individual methods and computer
programs for reducing the data. Investigators analysing
the spectra may wish to make collaborative arrangements to
utilize. this expertise.



5.3.1 Characteristic Curves

The film characteristic curves must be constructed
from the flight exposures. The method consists of com-
paring film densities above fog level at exactly the same
wavelengths on exposures taken with different exposure
times but at the same pointing. Spectral features are
selected to cover a wide range of intensities. Thus many
sets of film densities vs. exposure are obtained. The
curve of density vs. log exposure (log E) is synthesized
by sliding the many sets of points independently along the
log E axis until a best fit to an average curve is obtained.
The method assumes that a possible reciprocity failure is
small and can be disregarded. The assumption is valid in
general for exposure times within a factor of 10 of one
another. Exposures farther apart must be investigated on
an individual basis. The curve should be normalized to a
standard position of log E = 0.00 at D = 0.30 for a 1 sec
exposure in order to make direct use of the absolute cali-
bration data of Fig. 5.2, as described in Sec. 5.3.2 below.

Figure 5.3 shows two representative H&D curves developed
in the above manner for the wavelength regions shorter
and longer than 1400 A. It was found from examination of
small wavelength intervals throughout the spectral range
that’ for these .particular..exposures,-from.one film batch
and'development run, there was ‘a continuous tranSition “in
the slope of the quasilinear part of the characteristic
cruve with increasing wavelength. Other f£ilm_batch and
development runs have not always shown this.

~

In deriving the ATM characteristic curves, attention
must be paid to the £film batch number and development run.
For this purpose the "Film Sequence Log" given in Appendix
C lists each film strip or "plate," and the batch number of
the film roll from which the strip was cut. Also included
is the development run in which the film was developed.

The characteristic curves may vary with each of these para-
meters. (See Sec. 4 for a discussion of the ATM f£ilm).

For one batch and development run it is often possible to
cover the range 1175-1960 A with two curves, for wavelengths
above and below 1400 A, respectively. The shape of these
characteristic curves is similar for a number of batch number
and development runs, but can differ and should be examined.
There is no "standard" characteristic curve.

Scatter of the data points about the final curves
obtained using the above method varies considerably,
depending to some extent on the spectral width of the band
from which the points are selected. There is usually
increased scatter at film densities below about 0.05 above
fog level, the toe region of the curve, and also in the
shoulder of the curve. Photometry in these ranges should
be avoided, if at all possible.
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5.3.27 Conversion to Absolute Intensity

The absolute intensity, Ip,g, for any exposure E, (=It),
at any wavelength, A, is found ?rom the relationship

log Iaps (A) = log Eppe (M) - log t + Alog Erep1s (5.1)

Log Eppg values are read from Fig. 5.2. Several of the
values which make a convenient table for computer use have
also been listed in Table 5.1. Delta log E,,; is the log ex-
posure correction required to take into account the actual
measured density of the particular feature. It is read di-
rectly from the H-D curve which is normalized for log E =

0.0 at D = 0.3. Exposure time is t.

To illustrate the method, Table 5.3 lists values for
the long wavelength relative characteristic curve of Fig. 5.3.
A film density of 0.4 at 1500 A on an exposure of 10 sec
would give an absolute intensity whose log is 4.891- '
1.080+0 238._The_absolute intensity is then 1.35 x 104 ergs
cm™ s'l sr-1 a-1, o

5.4 Slew Calibrations and Variations in the
ATM Sensitivity Curve

Special ‘calibratien: exposures under:  conditions-as"
nearly identical as possible were programed during the
Skylab missions to aid in evaluating ‘the several instru-
mental parameters which were susceptible to variation
with time. These include the absolute sensitivity of the
film and the reflectivities of the optical surfaces. The
exposures were programed every several days and were made
with the ATM spectrograph pointed to a quiet region 300"
inside the solar limb (¢ =0.73). The instrument was slew-
ed back and forth in a direction perpendicular to the slit
length to average out fluctuations along the slit and
thereby covered a quiet solar area of one square arc min.
on a regular basis. Throughout the mission other exposures
useful as checks on the absolute calibration were made at
quiet region pointings 12" and 25" inside the limb, where
instrumental stray light was low.

A listing of the slew exposures 1is given in Table 5.2,
"which is organized by film groups. Plates from a common
film batch, roll, and development are listed together oppo-
site columns containing the identification numbers of those
parameters. Serial numbers of the plates containing slew
exposures and the day of year date of the exposures are
given opposite the group of plates within which they are
found. A more detailed listing, which includes exposure
frame and exposure time, is available among the Skylab docu-
ments at NRL.



C. Y. Yang, N. P, Patterson, and 0. Kjeldseth Moe have
made a thorough study of the slew exposures on 104 film
(11). They found that the most consistent information was
obtained from densitometer scans of continuum areas between
1914 and 1956A, which were almost completely free of scatter-
ed light. Scans of emission lines were difficult to evaluate
because of variations in the amount of network cells or bound-
ary areas included in the slewed region. Other difficulties
encountered with the slew exposures involved the manual con-
trol of the exposures, with errors up to + 1/4 sec. at the
beginning and end of an exposure. A "worst case" error was
observed for 2 exposures taken on the same day by the same
astronaut, differing in relative exposure by 44%. Three days
later the same conditions registered a relative exposure
difference of only 20%. A plot including the slew measure-
ments from all missions shows that variations in exposure
were within + 25%, and that no significant degradation of the

instrument or optics could be detected.

From Table 5.2 it may be noted that each of the cameras
used with the SO82B instrument contained film from only one
batch, and that each camera contained a different batch. Al-
though no differences in the slew calibrations were noted
which might correlate to batch, roll, or development run,
several investigators have noticed variations in D, and
contrast when H-D curves have been plotted. It is gﬁerefore
recommended that the absolute ‘value of the sensitivity curve
of Fig. 5.2 be checked at one or more wavelengths. :

The absolute sensitivity curve can be checked by
comparing absolute intensities derived from selected regions
of slewed spectra closest to the spectra being interpreted :
with values contained in the CALROC spectral atlas published
by Kjeldseth Moe et al. (3). From the comparison, a cor-
rection factor for Fig. 5.2 at one or more wavelengths
can be obtained. Assuming that film sensitivity remains
uniform with wavelength throughout the Skylab missions, the
entire curve for Fig. 5.2 can then be shifted to match the
corrected points. The best spectral regions to use for the
comparison measurements lie above 1850A or below 1500A, where
where the first order stray light is minimum. (See Sec. 3.3
for a discussion of the stray light.) Above 1950A there is a
mixture of continuum, absorption and emission features, while
below 1500A, only emission lines are available. Although in
"principle only one region needs to be checked, it is useful
to compare several in order to obtain an estimate of the

error in calibration.
5.5 Curvature of Spectra

- Both the ATM and the CALROC spectra are bowed along the
dispersion, the ends of each spectrum line deviating several
hundred micrometers from a tangent to the middle position.

To ensure that the photometer slit always stays in the region
of uniform exposure, densitometry of the spectra must be



performed in segments, or a computer program may be devised to
control the scan automatically, the exact procedure depending

upon the user's project.
5.6 Long Wavelength Calibration

No direct intensity calibration of the long wavelength
range of the spectrograph was made. It was considered un- -
necessary, because the intensity distribution in the solar
spectrum from 2000 to 3000A, approximately, is well known and
is believed not to vary significantly with changing solar con-

ditions.

The steps required to convert film density measured from
a long wavelength spectrum to absolute units have been des-
cribed@ by Doschek, Feldman, and Cohen (12). The conversion
begins with the establishment of a characteristic curve for
the film batch of interest, as described in Sec. 5.3.1 above.
Relative intensities derived from the characteristic curve are
then converted to absolute intensities by reference to one of
several published solar atlases covering the spectral region,
such as Tousey, et al. (1) 1974, or Broadfoot (2) 1972.

The major difficulty encountered in obtaining absolute
values for the ATM data involves selecting the proper cor-
rection for limb darkening in order to relate to the values
tabulated in the atlases, which apply to the radiation from
the total sun. Doschek et al. made use of the -value- from-
Allen (13) for 28002 based on work by Bonnet (14). Devend-
ing upon the individual research problem, each investigator
will undoubtedly select his own approach to this correction.
The limb darkening function is by no means independent of
wavelength in the UV. A forthcoming publication by Kjeldseth
Moe and Milone (15) lists coefficients for limb darkening
equations, derived as functions of from the ATM data.
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