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1. INTRODUCTION

Solar radiation at wavelengths bhelow about 3100 A is totally absorbed by
the terrestrial atmosphere and provides the duminate source of energy for
heating, dissociation, and ionization. An accrrate knowledge of the solar
spectral irradiances at ultraviolet and soft x-ray wavelengths is accordingly
of fundamental importance in studies of the photochemistry of the strato-
sphere, mesosphere and thermosphere, and of the energy balance of the iono-
sphere. In addition, a determination of the effects of specific solar fea-
tures on the magnitudes of the solar spectral irradiances can provide funda-
mental insights into variations in the state of the plasma and in the magnetic
field configurations in the outer solar atmosphere over the solar cycle.
These data are crucial for an understanding of conditions in the atmospheres
of the Sun and other cool stars. Unfortunately, because of the experimental
difficulties, the available data are extremely limited and there are major
uncertainties in many of the measurements. The magnitudes of the spectral
irradiances have not yet been determined with sufficient accuracy and the
effects of specific solar features on the variability of the spectral irradi-
ances over the solar cycle have yet to be quantified.

Under the subject grant, we have refurbishec and upgraded two 1/8-meter
Ebert-Fastie spectrometers in order to measure the solar spectral irradiances
between 1160 and 3100 A. Further, a novel, evacuated 1/4-meter normal-inci-
dence spectrometer was fabricaied for spectral irradiance measurements over
the wavelength range from 1250 to 250 A. Procedures were developed for the
calibration of all three instruments utilizing standards at the National
Bureau of Standards (NBS). 1In addition, the procurement of a third 1/8-meter
Ebert-Fastie spectrometer to cover the wavelength range from 2500 to 4000 A

was initiated.
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Figure 1. 1/8-meter Ebert-Fastie Spectrometer

For the second flight of the 1/8-meter spectrometers on 15 July 1980, the
diffraction grating in the MUV spectrometer was replaced by a new diffraction
grating fabricated by Hyperfine, Inc. with a ruling frequency of 2400 grooves
mm-1. This allowed measurements of the spectral irradiances over the wave-
length range from 1600 to 3184 A with a spectral resolution of 2.1 A. Further
details of the calibration of the spectrometers and the results of the 1980
flight are described in the reprint attached to this report (Mount and
Rottman, 1981).

Following the termination of this grant, the spectrometers were trans-
ferred to Dr. George Mount at the Laboratory for Atmospheric and Space Physics
at the University of Colorado under NASA Grant NAG5-212 to continue the pro-
gram of spectral irradiance measurements during the declining phase of sclar

cycle 21.
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I11. 1/4-METER NORMAL-INCIDENCE SPECTROMETER

The requirements for a measurement program of solar spectral irradiances
at extreme ultraviolet (EUV) wavelengths in the "windowless" regime below 1250
A dictated by the scientific objectives are, first, an absolute photometric
accuracy ranging from +10% at 1250 A to +30% at 100 A; and second, a relative
photometric accuracy from flight to flight of the order of 1% to 2%. These
goals demand a number of instrumental characteristics that are mandatory for
accurate spectrophotometry. In particular: 1) windowless operation, 2) low
levels of irradiance on the optical components, 3) a hydrocarbon-free environ-
ment, 4) a photometrically stable detectcr system, 5) a low noise detector
system, 6) no moving parts within the vacuum chamber, and 7) compatibility
with EUV calibration standards such as the National Bureau of Standards (NBS)
SURF II Storage Ring calibration facility.

In order to attempt to meet these requirements, a novel, evacuated, EUV
spectrometer with a state-of-the-art photoelectric array detector was fabri-
cated under this grant. The spectrometer employs a 1/4-meter radius-of-curva-
ture concave diffraction grating, operating at an angle-of-incidence of 9° in
a conventional Rowland circle mounting as shown in the schematic in Fig. 2.
The grating ruling frequency is 1028 1ines mm-1 and the grating is used in the
first order to provide a dispersion of 38.7 A mm-1. The entire spectrum from
1250 to 250 A is recorded simultaneously with a (1 x 1024)-pixel Multi-Ancde
Microchannel Array (MAMA) detector with pixel dimensions 25 microns in widtn
by 6.5 mm in height, as shown in Fig. 3. The coincidence-anode MAMA detectcr
requires a total of only 64 amplifier and discriminator circuits to record the
photometric data from the 1024 pixels as described in more detail in the paper
by Timothy and Bybee (1981) attached to this report.
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Figure 2. Schematic of 1/4-meter evacuated normal-incidence EUV spectrometer
with open-structure (1 x 1024)-pixel MAMA detector.

Fiagure 3. (1 x 1024)-pixel coincidence-anode array with pixel dimensions of
6.5 mm by 25 microns.
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The MAMA detector provides a very high photometric stability and very low
noise operation (<0.01 counts s-1 pixel-1) at EUV wavelengths. The spectral
resolution is approximately 2 A (2 detector pixels) and the entire spectrum is
read out during flight with a temporal resolution of 1.6 s. The spectrometer
is evacuated prior to launch, opened for observation during the rocket flight,
and re-sealed prior to re-entry. Since there are no moving parts in the
spectrometer, a hydrocarbon-free high-vacuum environment is preserved to
guarantee the photometric stability of the instrument. The layout of the
spectrometer assembly and of the associated electronics modules is shown in

Fig: 4.

Figure 4. Assembled 1/4-meter normal-incidence EUV spectrometer with
electronics assemblies.

-
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It is of particular importance for the photometric measurements to note
that the spatial accuracy is printed into the anode array of the MAMA detector
system. Photometric errors caused by “rubber cam" effects in scanning spec-
trometers are accordingly completely eliminated. The detector provides a
distortion-free imaging capability which is independent of signal level or of
time. As determined from laboratory spectra, such as shown in Fig. 5, the
absolute linearity of the detector is of the order of 2 microns over the

26-mm length of the array.
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Figure 5. EUV emission lines recorded with 1/4-meter normal-incidence
spectrometer.

The pixel-to-pixel crosstalk has been determined to be less than a few percent
giving an intensity discrimination between adjacent resolution elements of the
order of 104:1. The spectrometer and electronics have survived vibration at
levels of 20 g over the frequency range from 20 to 2000 Hz without change in

the performance characteristics.
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The fabrication of the spectrometer was completed in time to undertake an
engineering test in an uncalibrated condition on the rocket flight of 15 July
1980. The spectrometer operated cor-2ctly for a total of 50 s at the end of
the flight and recorded spectra at wavelengths longward of 1200 A in spite of
& minor electronics failure. Pressure inside the spectrometer was 2 x 10-7
Torr throughout the launch phase until the vacuum door was opened. At this
point, the pressure rose to & x 105 Torr for the remainder of the flight.
Following recovary, the spectrometer was pumped down once more using the
internal ion pump to a pressure of 2 x 10-7 Torr. Laboratory tests showed no
visible change in the performance characteristics as a result of the flight.

Following the flight, an initial attempt at a calibration on the NBS SURF
11 Storage Ring was undertaken. 1In the absence of further funding, only
additional engineering work is being undertaken on the 1/4-meter spectrometer
as part of the continuing MAMA detector-development program under NASA Grant
NSG 7459. However, the spectrometer is in a flight-ready condition and the
calibration procedures have now been fully determined. The spectrometer is
accordingly ready to undertake a program of spectral irradiance measurements
at wavelengths between 1250 and 250 A.
1V. VARIABILITY OF THE SOLAR EXTREME-ULTRAVIOLET SPECTRAL IRRADIANCES

As part of this grant, we have carried out a detailed study of the varia-
bility of the solar ultraviolet spectral irradiances over the solar cycle.
The full report of this study is contained in a University of Colorado thesis
submitted for the MS degree in the Department of Physics (LeFevre, 1982).
The primary iindings of this study are now being prepared for submission to
the literature (Timothy, Zweibel and LeFevre, 1983). The principal result is
that, at all wavelengths studied from 1350 to about 300 A, the measured varia-
bilities of the spectral irradiances over solar cycles 20 and 21 significantly

exceeded the values predicted on the basis of an increase in the number of




active regions on the solar disk from solar minimum to solar maximum. Because
of the large errors in the irradiance measurements, the measured and predicted
values agree within the uncertainties for solar cycle 20. However, the pre-
dictions are systematically low. For solar cycle 21, with a higher level of
solar activity, the disagreements are so large that the measured and predicted
values differ by more than the measurement errors. The reasons for this
discrepancy are not clear at this time; however, the most probable cause
appears to be an increase in the EUV emission from the chromospheric network
at solar maximum, probably caused by remnants of old active regions. If
verified, this finding is clearly of importance for solar, stellar 1and
atmosoheric physics and emphasizes the need for a continuing program of accur-
ate measurements of the solar spectral irradiances at wavelengths below 3000
A. Hopefully, using instruments of the type described in this report and
being developed by other groups for both sounding rocket and space shuttle

flights, these data will become available during the next solar cycle.
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2900-3184 A.

INTRODUCTION

Solar radiation at wavelengths shorter then 2980 A is totally
absorbed by the earth’s atmosphere and provides the domi-
nant source of energy for atmospheric beating, dissociation,
and jonization. An accurate knowledge of the sclar spectral ir-
radiance in the ultraviolet is accordingly of fundamental im-
portance for studies of the photochemistry of the upper atmo-
sphere. Unfortunately, becsuse of experimental difficulties,
the available data are limited, and there are major uncer-
tainties in many of the measurements.

We have begun a systematic sounding rocket program to
study solar ultraviolet irradiance and its vanation over the so-
lar cycle. Results from the first flight in this study [Mount e
al., 1980], when compared with the solar minimum measure-
ments of Rottman [1981). indicate a significant enhancement
of irradiance below 1800 A. Results from the July 15, 1980,
rocket flight confirm these conclusions aad indicate that the
irradiance in the 2100- to 2550-A spectral region is lower than
the Broadfoor {1972] results, although not as low as reported
in our 1980 paper. Results near 2800 A are in close agreement
with Broadfoot.

FLIGHT INSTRUMENTS

The full-disk solar spectrum from 1160-3184 A was re-
corded by two spectrorreters that scanned adjacent but over-
lapping spectral ranges. The spectrometers are designated by
the spectral region covered; namely, a far-ultraviolet (FUV)
Ebent-Fastie spsctrometer with 1/8-m focal length to cover
1160-1850 A, and a middle-ultraviolet (MUV) Ebert-Fastie
spectrometer with 1/8-m focal length to cover 1600-3184 A.
The irradiance payload was not evacuated at launch but was
maintained with a dry nitrogen purge for several days prior 1o
launch. The important instrument characteristics are outlined
in Table 1.

The irradiance instiuments were carried piggyback on a so-
lar rocket with a high-resolution EUV instrument dedicatec
to the study of coronal holes. The Nike-boosted Black Brant
rocket (NASA 27.044 US) reached an altitude of 325 km
above White Sands Missile R+ o¢ New Mexico, at 1705 UT
on July 15, 1980. Ty solar zer ., angle at ime of apogee was
23°. All rocket systems performed well and the experiment
was completely successful. Just prior to launch, the spectrom-

Copyright » 1981 by the American Geophysical Union.
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The Solar Spectral hiradiance 1200-3184 A Near Solar Maximum:
July 15, 1980

GEORGE H. MOUNT AND GARY J. ROTTMAN
Laboratory for Atmospheric and Space Physics, University of Colorado, Boulder, Colorado 80309

Full-disk solar spectral irradiances near solar maximum were obtained in the spectral range 1200-3184
A at & spectral resolution of approximately | A from rocket observations above White Sands Missile
Range, New Mexico, on July 15, 1980. Comparison with measurements made in 1979 and during solar
minimum confirms a large increase at solar maximum in the solar irradiance near 1200 A with no change
within our measurement errors near 2000 A. Irradiances in the range 1900-2100 A are in excellent
agreement with previous measurements, and those in the 2100- to 2500-A range are lower than the
Broadfoot results. We find agreement with previous values 2600-2900 A and then fall below those values

eters were individually aligned with the Solar-Pointing Aero-
bee Rocket Control System (SPARCS) to +1 arc minute. Me-
chanical alignment of the instruments was checked
immediately after recovery and was found to be unchanged
by the flight and recovery. The MUYV spectrometer calibration
was checked 63 days afier the flight and was found to be un-
changed from pre-flight values. The FUV spectrometer was
Jamaged on impact. Impact during the recovery phase caused
an internal misalignment of the FUV spectromzter optics and
precluded a post-flight calibration.

INSTRUMENT CALIBRATION

The absolute efficiencies of the flight spectrometers were
measured at the Johns Hopkins University as described in de-
tail by Mount er al. [1980). Briefiy, the Johns Hopkins calibra-
tion test equipment (CTE) compares the monochromatic re-
sponse of calibrated reference photomultiplier tubes with the
response of the instrument under test. The reference photo-
multiplier tubes are calibrated before and afier instrument
tests against National Bureau of Standards standard photo-
diodes 17195 and 17183 [Canfield 1 al., 1973). The FUV cali-
bration was made with the same crror budget as for the 1979
flight. The MUYV spectrometer, however, was calibrated with a
larger error budget as shown in Table 2.

The source of the larger over-all error for the MUV spec-
trometer was an instability in the Johns i{opkins CTE refer-
ence f photomultiplier tube. This instability has been noted
previously [Brune et al., 1979] and resulted in a larger transfer
error beiween the NBS photodiode and the reference photo-
multiplier tube.

The FUV spectrometer experienced no calibration diffi-
culties during the pre- flight calibration. No direct post -flight
calibration was possible due to damage on impact that mis-
aligned the optics. The MUYV spectrometer was recalibrated at
Johns Hopkins afier the flight with agreement to £8%. The
p ~flight calibration was v .d in the data reduction. The 1979
celibrations indicate no caange before and afier the flight on
either of the two spectrometers flown to within +5%.

*n addition to the calibration at Johns Hopkins, the MUV
spectrometer was calibrated with an NBS standard tungsten
lamp in our laboratory. The overlap region of the two calibra-
tions was approximately 2600-3000 A and the spectrometer
efficiencies derived from these two independent methods
agree wiihin 10% near 2700 A and 20% near 3000 A. Figure |
shows the calibration of the MUYV instrument with associated

Paper number 1A0764. 9193
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TABLE 1. Instrument Characteristics TABLE 2. Error Budgets
Paramete; FUV MUV Parameter FUV MUV

Spectrometer type Ebent-Fastie Ebent-Faste NBS standard diode 6% 20~ 10% (1600
Focal length, mm 125 125 3000 A)
Spectral range, A 11601850 1600-3184 CTE transfer to PMT 8% +12%
Grating Slit width

Ruled area, mm 26 x 26 26 % 26 Entrance +4% 4%

Ruling frequency, g/mm 3600 2400 Exit 4% 4%

Coating Al-MgF, Al-MgF, Efficiency variation +3% +3%

Manufacturer Bauschand Lomb  Hyperfine, Inc. across field of view
Scan period, § 12 12 Geometrical errors 5% 5%

Detector EMR 510G EMR 510F estimate

MgF, window MgF, window Difference: JHU calibra- 10% (a1 2700 A)
Field of view 1°.5 1nes tion—LASP NBS tungsten
Slits lamp calibration

Entrance area, mm? 0.048 x 0.752 0.048 x 1.00 Interference filter %

Exit area, mm? 0.056 x 3.00 0.071 x 3.0 Instrument scattered hight <0.3% of <0.3% of
Filter (interference) None 1800 A Broadband peak signal peak signal
RMS grati_ig drive jitter +0.3A $03A Quadrature sum 13% 16-21%
Spectral Resolution L1ISA@Lya 210A@250C A
Step size 028 A @Lya 045A @2500 A

absolute enor bars (see Table 2). The adopted curve falls be-
tween the Johns Hopkins and the tungsten lamp calibrations.

A major source of calibration error occurs in the measure-
ment of the small slit widths (approximately 50 p) used on the
spectrometers. Errors were +4% and the slits were measured
on three different engines and using diff. acted red laser light.

The instruments were rotated +5° about the in-ident beam
at Johns Hopkins to provide a map of the gratir.g and Ebert
mirror. Non-uniformities were less thap 3%, insuring that a
small misalignment in solar pointing does not introduce a cal-
ibration uncertainty.

The total error budpet was +13% for the FUV spectrometer
and 1 18% for the MUYV spectrometer (see Table 2).

RESULTS AND DISCUSSION

The data were analyzed as described in Mount er al. {1980}
Figure 2 (FUV) and Figures 3-6 (MUV) show the results (in-
cluding all line fluxes) averaged into 10-A bins and compared
with other measurements. Absolute error bars are indicated.
Table 3 lists the data corrected to | AU, averaged into 10-A
bins, and including all line fluxes. The daily Zurich sunspot
pumber R, was 207 for the 1973 flight and 165 for the 1980
flight. Of the 35 complete scans obtained by each spectrome-
ter during the flight, only 10 scans were used, all recorded
above 275 km. Siatistical uncertainty was less than +2% for
each wavelength bin.

Comparison of the 1979 and 1980 flight results (Figure 2)
indicates essentially .o change in the solar irradiance 1200-
1900 A within our measurement accuracy. The relative irra-
diance values of the 1976 and 1980 flights are of particular sig-
nificance since the same FUV spectrometer was ficwe. The in-
strument was not dismantled or disturbed in the intervening
yecar and was stored in a clean. dessicated environment. The
calibration values cbtained for the 1980 flight fiom the same
calibration facility were within 10% of the 1979 values, with
the largest difference below 1350 A. This difference is almost
certainly calibration error and not & change in actual in-
strument sensitivity. Thus, comparison of the 197% and 1980
results with the solar minimum resuhs of Rortman {1981] (a.so
taker with the same instrument ) confirms our earlier conclusion
|Mount et al., 1980] that there is significant vanability in the
solar spectral irradiance from solar minimum to solar maxi-

mum at wavelengths short of 1800 A and that the change var-
ies from less than the measurement error at 2000 A 10 a factor
of 2.5 near 1200 A. The effective brightness temperature of the
atmospberic temperature minimum calculated at 1600 A is
4654°K.

The important comparisor to be made in Figure 2 is be-
tween Rotiman’s solar minimum results and our solar maxi-
mum results, since the same instrument was used to take both
data sets. The solar minimum data and its comparison with
(e.g.) Heroux and Swirbalus |1976)] are discussed in detail by
Rottman [1981). Briefly, it seems clear that most of the differ-
ence between the Rotuman results and those of Heroux and
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results are histed in Table 3.

Swirbalus is caused by a calibration problem and not an in-
trinsic change in solar irradiance during solar minimum.
The MUV results are shown in Figures 3-6. Below 2100 A
we find agreement with the many measurements made in that
spectral region [Bruec! ner et al, 1976, Samain and Simon,
1976, Simon, 1975]. The 1980 measuremcuts are higher than
4 the average by about 14%, and the 1979 results are lower by
about 14%.
1 In the spectral region 2100-2550 A, we find a large differ-
é ‘ ence (40%) between our 1979 and 1980 results with agreement
closer to, but still 20% below. the Broadfoor [1972] values. Fig-
ure 6 shows the comparison with a 20 A running average.
Since the MUYV instrument was rebuilt for the 1980 flight 1o
extend the spectral coverage from 2550 A to 3184 A a true
relative comparison of the results is not possible. The same
phototube and electronics were used on both flights; however,
2 in addition to replacement of the grating. an 1800-A broad-
band interference filler was included to reduce the dynamic
range requirement on the detector. The calibration of the fil-
L— ter is shown in Figure 1. Since its calibration is a relative mea-
: surement, errors are less than a few percent. The measure-
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Fig 2. Solar irradiance in the spectral range 1200-1900 A averaged into 10 A bins including line fluxes and compared
with our 1979 flight results and those of Rettman [1981] at solar minimum The data have been corrected to 1 AU. Present

ments made in our laboratory agreed to within 3% of the man-
ufacturer's (Acton Research Corporation) results.

We have continued laboratory testing of the MUV in-
strument since the 1980 flight in order to locate the source of
the discrepancy between the two data sets. We have found a
temperature effect in the detector electronics that produces a
decreasing count rate with iucreasing temperature for con-
stant light input. At 60°C this effect is approximately 15%.
Summing total counts per scan on the 1979 flight ingicates a
14% sag in count rate later in that flight. Only a 3% effect was
observed on the 1980 flight. Since the temperatures of the in-
struments were not monitored during the flight, we do not
know their exact temperatures. However, based on detailed
temperature mecasurements of the solar cor .al hole instru-
ment, it is not unreasonable to expect the te nperature on the
MUYV instrument to have reached 60°C. “'emperature tests
made immeciately after the 1979 flight did not go 1o 60°C.
Thus we may conclude that the data from the MUV in-
strument on the 1979 flight could be raised approximately
157¢. This reduces the difference between the two sets of flight
data to approximately 25% and raises the MUV data to the

.
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Fig 3. Solar irradiance in the spectral range 1900-3200 A aver-
aged into 10-A bins and compared with previous results. The dsta
have been corrected 10 1 AU. Present results are listed in Table 3.

average of the many 1900- to 2100-A measurements. The re-
sidual difference is attributed to calibration 2nd slit measure-
ment errors, assuming a variation in the solar irradiance much
smaller than the +18% error bars. The 1979 MUYV data below
1900 A were merged with the FUV data at 1800 A. Thus we
recommend no change in the 1979 results below 1800 A, but
would increase those results 13% above 1900 A.

From 2550 10 2900 A we find close agreement of our results
with Broadfoor [1972]. Above 2900 A we once again fall below
the Broadfoot results. Our calibration above 2800 A is not as
reliable as below that wavelength (see Figure 1) due to dis-
agreement between the CTE and tungsten lamp calibrations.
We have placed our calibration curve between the two mea-
sured calibration curves abovc 2600 A. The reader is referred
1o a recent review by Kohl er al. [1980] for a comparison of the
Broadfoot results with other investigators.

1t is very important to note that all the data taken on both
fiights were full solar disc measurements. Thus, no assump-
tions about limb darkening have been introduced into the
analysis as would be required on data obtained with a solar
instrument with a restricted field of - .cw.

In addition to measuring the continuum irradiance, we
measured the absolute intensities of several strong emission
lines of atomic species. Resnlts are given in Table 4 along with
ratios to solar minimum. In all cases the appropriate contin-
vum background was subtracied before the integral of the line
profile was calculated.
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CONCLUSIONS

We confirm our conclusion from the June 5, 1979 flight that
there 1t significant vanability 1n the solar spectral irradiance
from solar minimum to solar maximum at wavelengths shon
of 1800 A with the change varying from less than the mea-
surement error near 2000 A o a factor of 2.5 near 1200 A We
find good agreement among recent investigations in the 1900-
10 2100 A region We conclude that the wrradiance values of
Broadfoor [1972] from 21002500 A lie within our mutual er-
101 bars although both 1979 and 1980 results fall somewhat
below Broadfoot's results, and we find reasonable agreement
with the measurements of both Broadfoor [1972) £nd Simon
[1980) abuve 2600 A

We are presently testing a new ultraviolet calibration facil-
ity that will improve our undersianding of the flight in-
strument, especially at longer wavelengths
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TARLE 3 Solar Irradiance in Units of 10" phem 25 ' A ' Averaged in 10 A Intervals at 1 AU for Rocket Flight 27.044, July 15, 1980
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ORI
oF m 1 TABLE 4. Absolute Line Fluxes (ph em=257")

Ratio
[Solar Maximum/Solar
Minimum]*
Species Wavelength, A June 5, 1979 July 15,1980  June$, 1979t  July 15, 1980

Sil 1206.53 1.7E10 1.50E10 3 2.7
HLly 1215.68 4.36E11 5.01E1l 14 1.6
NV 1238.82 7.1E8 8.7E8

1242 80 S.3E8 5.6E8
Si 1l 1260.42 49E8 6.9E8
Sill 1264.74 9.2ER 1.5E9
(03] 1302.17 4.7E9 34E9 19 14
(03] 1304.85
ol 1306.03 9.3E9 9.8E9 17 1.8
cll 1334.53

1335 66 2.2E10 2.6E10 22 27
(o] 1355.60 9.6E8 1.0E9 1.5 1.6
Si v 1393.76 7.4E3% 7.3E9 22 22
Silv 1402.77 3.3E9 34E9
Sil 1526.71 4.20F9 2.3E9
Cclv 1548.20 1.6E10 15E10 22 2.1
CcIv 1550.77 6.9E9 7.4E9 1.7 1.9
Cl 1561 6.8E9 1.0E10 14 2]

(multiplet)
He ll 1640.33 9.4E9 S.1E9

(Fe 11 blend?)
Cl 1657 27E10 2.1E10 1.8 1.4

(muluplet)
Sill 1808.01 13E10 1.3E10
St 1816.93, 1817.45 2.6E10 4.5E10 0.8 13

"% Rotiman [1981).
1 Revised. See Rorrman [1981].

REFERENCES

Broadfoot, L.. The solar spectrum 2100-3200 A Astrophys J., 173,
681, 1972.

Brueckner. G.. J. Bartoe. O. Kjeldseth-Moe, and M Van Hoosier,
Absolute solar ultraviolet intensities and their variations with solar
activity , 1, The wavelength region 1750-2100 A, Astrophys. J., 209,
935, 1976

Brune. W.. G. Mount. and P. Feldman. Vacuum uliraviolet spectro-
photometry and effective temperatures of hot siars, Asirophys. J.
227, R84, 1979

Canfield. L.. R. Johnston. and R Madden. NBS detector standards
for the uliraviolet, Appl Opi.. 12, 1611, 1973,

Heroux, L, and R. A. Swirbalus, Full-disk fluxes between 1230 and
1940 A, J Geuphys. Res.. 81, 436, 1976

Kohl. J., W Parkinson. and C Zapata. Solar spectral radiance and ir-
radiance a1 225.2-319.6 nm. Asirophys J. Suppl., 44, 295, 1980.

Mount. G., G. Rottman. and J. Timothy, The solar spectral irradiance
1200-2550 A at solar maximum. J. Geophys. Res., 85, 4271, 1980.
Rottman, G.. Rocket measurements of the solar spectral irradiance
during solar minimum, 1972 10 1977, J. Geophy's. Res , 86, 1n press.
1981,

Samain. D. and P. C. Simon. Solar flux determination in the spectral
range 150-210 nm, Solar Phys., 49, 33, 1976.

Simon. P. C.. Nouvelles mesures de Yultraviolet solaire dans la strato-
sphere, Bull Cl. Sci Acad R Belg, 61, 399, 1975.

Simon. P. C., Observation of the solar ultraviolet radiation, Aero-
nomica Acta, 211, 1, 1980.

(Received March 18, 1981;
revised May 4, 1981,
accepted May 5, 1981)

i 3 M K




INTRODUCTION

Solar radiation at wavelengths shorter than 2980 A is totally
absorbed by the earth's atmosphere and provides the domi-
nant source of energy for atmospheric heating, dissociation,
and ionization. Ap accurate knowledge of the solar spectral ir-
radiances in the ultraviolet is accordingly of fundamental im-
portance for studies of the photochemistry of the upper atmo-
sphere. Unfortunately, because of experimental difficulties,
the available data are extremely limited, and there are major
uncertainties in many of the measurements. In particular, the
magnitude of the vanability of the spectral irradiances over
the solar cycle has not been determined.

As the first stage of a systematic study of this problem, two
spectrometers were flown to measure the solas irradiances in
the wavelength range from 1200 to 2550 A near solar maxi-
mum. It was found that solar maximum irradiances are signif-
icantly larger than the solar minimum irradiances in the spec-
tral region below 1800 A The measured irradiances above
2100 A vere lower than previously accepted values.

FLIGHT INSTRUMENTS

The full-disk solar spectrum from 1160 1o 2550 A was re-
corded by two spectrometers which scanned adjacent but
overlapping spectral ranges The spectrometers are designated
by the speciral region covered, namely, a far-ultraviolet
(FUV) spectirometer, a -m focal length Ebent-Fastie spec-
trometer for the range 1160-1850 A, and a middie-ultraviolet
(MUYV) spectrometer, a {-m focal length Ebent-Fasiie spec-
trometer for the range 1600-2550 A. The important in-
strument characteristics are outhned in Table |

The instruments were launched on a Nike-boosted Biack
Brant rochet (NASA 27028 US) to an altitude of 325 km
above White Sands Massile Range, New Mexico, at 1715 UT
on June 5. 1979. The solar zenith angle at the time of apogee
was about 20°. The rocket performed perfectly, and the ex-
cellent condition of the recovered payload permitted posi-
flight instrument calibrations. Just prior to launch, the spec-
trometers were individually aligned with the solar pointing
Acrobee Rocket control system (SPARCS) to +1 arc min. In-
strument optical alignments were checked immediately after
recovery and were found to be unchanged by the flight. Spec-
trometer cahbrations were checked 13 days after the flight and
were found 1o be unchanged from preflight valuer

INSTRUMENT CALIBRATION
The absolute efliciencies of the spectrtometers were mea-

sured at the Johns Hopkins University. The calibration test
equipment (CTE), described by Fastie and Kerr [1975), has an

Copynght € 1980 by the Amencan Geophysical Union
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Full-disk solar spectral irradiances at solar maximum were obiained in the speciral range 1200-
2550 A at a spectral resolution of approximately 1 A from rocket observations above White Sands, New
Mexico, on June S, 1979. Comparison with measurements made near solar minimum indicates approxi-
mately a factor of 2.5 increase in the irmadiance at 1200 A, a 20% increase near 1800 A, and no increase
within our measurement errors (+15%) above 2100 A. Irradiances in the range 1800-2100 A are in ex-
cellent agreement with previous measurements, but those in the 2100- to 2550-A range are significantly
lower. The intensities of strong emission lines at wavelengths below 1850 A are also reported.

//80 monochrom. tic beam which can be directed 1o either the
instrument under test or to a reference detector. All radiation
measured by the calibrated reference detector passes through
the test instrument entrance slit which is at the beam focus.
Two light sources. 8 low pressure H, lamp [Fastie and Kerr,
1975) and a Pi-Ne hollow cathode lamp {Mount e1 al., 1977],
provide line spectra dispersed at 2-A resolution by the CTE
premonochromator. The reference detectors, EMR G and
Hamamatsu F photomultiplicr tubes for spectral ranges 1160-
1700 A and 1700-3200 A, respectively, were calibrated against
National Bureau of Standards (NBS) standard photodiodes
17195 and 17183 [Canfield et al., 1973). The NBS-quote uncer-
tainty for the photodiode calibrations of July 1978 is +6%
from 1200 to 1700 A and then gradually increases to +10% at
3100 A. Error in the calibration transfer from the photodiodes
to the FUV and MUYV spectrometers is +6% and +8%, respec-
tively. The higher uncertainty at longer wavelengths is due to
technical difficulties stemming from instabilities in the CTE
reference detector. These errors were determined by repeated
calibrations of several rocket instruments used at Johns Hop-
kins and represent a maximum and not & mean uncertainty.
Independently, Guenther and Williams [1979] indicate that the
NBS Synchrotrion Users Kkadiation Facility (SURF) calibra-
tion and the Johns Hopkins calibrations agree to within 5% in
the 1450- 10 1800-A region. Preflight and postflight calibra-
tions for the instruments agreed to within 5% at all wave-
lengths measured. An independent postfiight calibration
above 2400 A was performed on the MUV spectrometer with
an NBS-calibrated standard tungsten-sirip filament lamp
(EUV 119). The measured spectrometer efficiencies derived
are within 5% of the Johns Hopkins CTE calibration.

As an in-flight calibration cross-check, a 250-A overlap re-
gion was scanned by the two spectrometers. Although only
150 A of this was useful because of the low signal level be-
tween 1600 and 1700 A in the MUY instrument, the 150-A
overlap region agreed to within 5% from 1700 to 1750 A and
to within 10% from 1750 to 1850 A.

A major source of calibration error occurs in the measure-
ment of the small slit widths (approximately 50 p) used in the
spectrometers. Slit widths were measured on two independent
traveling microscopes by three different people, and also by
single-sht diflraction using the neon laser red line. The mea-
surement accuracy was +8%.

The responses of both spectrometers were carefully mapped
ovei the full collection areas, since during flight the solar disk
was scanned over 217 arc min by the SPARCS pointing sys-
tem (an extreme ultraviolet instrument with a small field-of-
view was also on board). Efficiency vanations were less than
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TABLE 1. Instrument Charactenistics

&
&
(%*'

Parameter FUV MUYV
Spectrometer type Ebert-Fastie Eben-Fastie
Focal length, mm 125 125
Spectral range, A 1160-1850 1605-2550
Spectral resolution, A 12 14
Grating

Ruled area, mm 26 x26 26 % 26

Ruling frequency, g/mm 3600 3600

Coating Al with MgF, Al with MgF,
Scan period, s 12 12
Detector EMRS510G* EMRSIOF*
Field of view 11.5° 11.5°

Slits
Entrance area, mm
Exit area, mm

0.051 x 0.508  0.052 x 0.108
0.064 x 3.00 0.078 x 3.00

*MgF, window.

+3% across the fields of view, and no correlation could be
found of the measured irradiance with the disk position dur-
ing the flight.

The spectrometers were illuminated in the laboratory by
light intensities similar to those observed during the flight 10
check for photomuliiplier fatiguing. No fatiguing was mea-
sured. In addition, the temperature response of the flight elec-
tronics was tested, and no sensitivity 10 temperature was ob-
served for the expected flight temperatures.

Instrument-scattered light was measured outside the region
of instrument sensitivity to be less than 0.3% of the peak mea-
sured signal. When a reasonable uncertainty of 5% for geo-
metncal factors in the overall instrument efficiencies is in-
cluded. the absolute calibration uncertainty for the FUV
spectrometer is +12% and for the MUV spectrometer is +15%.

DATA ANALYSIS

The photomultiplier signals were pulse counted and tele-
metered to ground by a PCM (pulse count modulation)/FM
system. The output pulses from each spectrometer were
summed into 3.2-ms sampling bins, which corresponds to a
bin resolution of approximately 03 A. The data were con-
verted to units of photons cm~? 57" A~' by application of the
efficiency and wavelength calibration data. The absolute
wavelength calibration is accurate to better than 3 A and
was repeatable during the flight 1o 21 bin (0.3 A).

Thirty-three complete solar scans were obtained by each
spectrometer. Of these, the first 10 scans were subject to in-
strument outgassing, as indicated by summing the total counts
observed duning the scan. Only 10 scans of the FUV in-
strument and 7 scans of the MUYV instrument recorded at alti-
tudes above 275 km were used as the final data set. The counts
from thesc scans were averaged. Electronic noise was com-
pletely negligible, and an electronic dead time correction was
apphed to all the data using the expression

Cvul =TT AT

where 1 is the electronic dead time; r was carefully measured
as 225 * 10 ns. The dead time correction was negligible except
at Ly a 1216 A (22% correction) and in the region above 2100
A (7-12% correction).

RLSULTS AND DISCUSSION

Figures 1 (FUV) and 2 (MUV) show the data (including
line fluxes) averaged into 10-A bins and compared with pre-

vious measuremcnls‘. Absolute error bars are indicated. Table
2 lisis the data corrected to 1 AU, averaged in 10-A bins, and
including all lines fluxes. Comparison of the solar maximum
with the solar minimum irradiances in Figure 1 shows a large
(approximately a factor of 2.5) increase in the irradiance at
wavelengths near 1200 A with a monotonically decreasing
variability at longer wavelengths. No varniability outside of the
measurement accuracy is observed at wavelengths longer than
about 2000 A.

G. Rotiman’s unpublished data (1980) in the spectral re-
gion 1200-1800 A are used for comparison, since these data
were recorded with the same instruments which were cali-
brated on the same facility. This eliminates the major source
of error in comparing data from different sources. Rottman’s
data are the average of five rocket flights made between 1972
and 1976 (solar minimum) with an average approximately
30% hLigher than the average of the results of the first two
flights [Rottman, 1974}, which are reported in the review of
Heath and Thekaekara {1977]. Total variance of the five
flights is approximately 20% and is discussed in detail by
G. Rottman (unpublished data, 1980). The five-flight average
was used for comparison here in order 1o minimize problems
associated with the ‘snapshot’ nature of rocket flights. Heoth
and Thekaekara [1977] compare Rottman’s 1974 results with
the data of other authors.

The increase ip the irradiances from solar minimum to solar
maximum has been independently confirmed by the Atmo-
sphere Explorer satellite data [Hinteregger, 1979], which in-
dicate an approximate 2.5 increase from 1200 to 1300 A and a
20% increase near 1800 A from July 1976 to January 1979 in
10-A-averaged intervals. Although the sun was quite active at
the time of the flight on June 5 (R, = 207, Fo, = 230.2), a fac-
tor of 2.5 increase in the irradiance cannot be explained sim-
ply on the basis of an increase in the pumber of active regions
on the solar disk, as will be discussed by G. Rottman (unpub-
lished data, 1980). Heath [1973] has shown from Nimbus 3
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Fig 1. Solar irradiances in the spectral range 1200-1900 A aver-
aged into 10-A bins including line flur~s and compared with G. Rott-
man’s (unpublished data, 1980) five-flight solar mimimum results.
The data have been correcied 10 1 AU. Present results (solid circles)
are listed in Table 2.
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have been corrected 1o | AU. The large variaiion in irradiance above
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measurements that the maximum expected variation over the
27-day solar rotation period caused by active regions is about
30% from 1200 to 1300 A and that it dec:eases to longer wave-
lengths.

Figure 2 shows the MUV results to be in close agreement
with the many measurements made below 2100 A (Broadfoot
[1972). Brueckner et al. [1976). Samain and Simon [1976). Si-
mon {1975]. see also Simon [1978]). Above 2100 A, however,
the irradiance data are significantly lower than the data of
Broadfoor {1972], a prime source of irradiance data in the
2100- 10 2900-A spectral region. Our results, however, are in
close agreement with the 1977 data obtained by G. Rottman
{private communication, 1979) near solar miniroum using the
same rocket instrument.

The Broadfoot data set is oac of the few directly calibrated
measurements of solar irradiance in the 2100- to 2900-A re-
gon, and his data are in agreement with the data of others
taken at longer wavelengths (A > 2700 A) [cf. Heath and The-
kaekara, 1977). A possible explanation for the diffcrence be-
tween our data and the data of Bioadfoot, and for Broadfoot’s

agreement with others above 2700 A, could be the presence of
8 large amount of scattered light in his spectrometer. A scat-
tering ‘residue’ in Broadfoot's reduced data would produce
high fluxes near 2100 A, where the solar flux is relatively
lower than that near 2900 A. Our data are in closer agreement
with Broadfoot at 2550 A than at 2100 A, in agreement with
this hypothesis. Replicas of the grating used by Broadfoot (B
and L 35-53-06-17) have been studied in our laboratory; all
the replicas exhibit large ghosts and high scattering [Rotrman,
1980). Further, Delaboudiniére et al. [1978] report that Broad-
foot's data are 100 high below 2300 A. The £10% error bars
on Broadfoot’s data are certainly overly optimistic.

The agreement between the data of June 5, 1979, and the
1977 data of Rottman above 2100 A (G. Rottman, private
communication, 1979) leaves little doubt that the discrepancy
with Broadfoot's data is an instrument problem and not an in-
trinsic variation in the solar flux above 2000 A as suggested by
Heath [1973]. It should be of particular interest to aeronomers
to note that our data are not compatible with the results pre-
sented by Heath and Thekaekara [1977, Figure 8].

The FUV and MUV spectrometers also measured the in-
tensities of several strong emission lines of atomic species. Re-
sults are given in Table 3 together with line intensity ratios of
this flight 10 Rottman’s average solar minimum values. Vari-
ances for the five solar minimum line fluxes ranged from 10 10
40% and will be discussed by G. Rottman (unpublished data,
1980). Direct measurements were possible for all lines except
H Ly o 1216 A. It was necessary 10 increase the measured
peak Ly a flux by a small percentage because the intrinsic
width of the Ly a line is wider than the slit width of the FUV
spectrometer. The fraction of flux not in our band pass was
determined by measuring the ratio of the area of a ‘standard’
Ly a profile as given by Vidal-Mad)ar [1975] to the area of the
profile not in our band pass. The correction was only a few
percent.

This inmegrated Ly a line flux is 1.4 times higher than the
average of Rottman’s five Ly a values measured during solar
minimum (R, between 20 and 64). Although Rottman’s resulis
indicate that the relation of R, to Ly o flux is very weak, it is
of interest to use recent empirical relationships to see if the Ly
a flux increase can be explained solely by active regions. Us-
ing the relation between sunspot number and fractional piage
arca given by Cook et al [1980), we determine the fractional
flat disk area covered by plapes as 13%. Basri et al. {1979) re-
port an average active region to average quiet sun enhance-
ment at Ly a of a factor of 4.6. (This ratio is the integrated
profile contrast; the Ly a profile contrast at 1200 A is greater

'IABLE 2 Sohr lmdumc: in Units of 10'° ph cm™2 57! A-! Averaged in 10-A Intervals at | AU

10- A lmcrvlls

00 10 s0-20 20-30 309 40-50 50-60 60-70 70-80 80-90 90-100
1200 0218 511 0.048 0.037 0.029 0.032 0.042 0.028 0.025 0.027
1300 0.147 0.039 0.031 0.231 0.029 0.054 0.043 0.044 0.048 0.125
1400 0.103 0064 0.067 0.074 0.076 0.082 0.100 0.116 0123 0.118
1500 0.131 0.134 0177 0.205 0.300 0.289 0237 0.236 0.228 0228
1600 0259 0.2%9 0334 0421 0.457 0673 0.525 0.608 0603 0.807
1700 1.04 1.10 115 1.22 115 1.25 1.38 1.43 1.6l .59
1800 1.94 226 2.16 224 2.05 213 228 275 2.68 303
1900 29 3% kX 1) 295 32 4.18 423 4.79 4.72 an
2000 517 58S 6.19 6.71 7.67 8.21 8.51 9.86 111 16.0
2100 208 260 243 239 330 26.7 270 215 378 399
2200 402 301 43 %6.0 499 439 325 333 46.9 40.3
2300 47.1 407 475 375 343 474 45 40 363 404
2400 359 538 64.6 58.4 57.1 455 447 520 410 518

47.0

2500 54 0 395 kYN 499 49.1
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TABLE 3. Absolute Line Fluxes

Ratio
Flux, Solar Maximum
Species Wavtlength, A phem-?s-! inimum

sil 1206.53 1.7E10 Y
Hly 1215.68 4MEII 1.4
NV 1238.82 2.1E8
NV 1242.80 S3ES
sill 1260.42 49E3
Sill 1264.74 92E8
ol 1302.17 4B 23
ol 1304.86

ol 1306.03 93E9 21
cn 1334.53

cn 1333.66 22E10 29
oi 1355.60 96ES 19
Silv 1393.76 14E9 29
Silv 1402.77 33E9 28
sil 1526.7} 420E9
cIv 1548.20 16E10 24
CIv 1550.1 69E9
Cl 15614 68E9 1.5
Hell 1640.334 94E9
cl 16574 27E10 20
Sill 1808.01 13E10
sill 1816.93, 1817.45 26E10 09

Solar maximum is derived from preseat data. Solar minimum is the
average of five solar minimum flights (Rotiman, unpublished data,
1980)- five-flight line flux variance range 10-40%.

*Rotiman (unpublished dota, 1980) Ly a fluxes st solar minimum:
308EIL, 202E11, 220E11, 3.7E1), 4.28E1] ph cm~2 57",

1Multiplet.

$Fe 11 blend?

than 4.6 [sec Basri et al. [1979). Accordingly, 11% of the solar
disk would be predicted to be covered with active regions at
the time of the June S flight in order to reproduce our mea-
sured ratio of Ly a flux to the average of the five Rottman Ly
a flux measurements made at solar minimum. Although there
is apparent agreement between the two predictions, the large
variation in Rotiman's solar minimum Ly a values at low R,
(sce Table 3) and the average Ly a solar maximum/minimum
ratio of approximately 2.5 (requiring a 45% fractional plage
area), measured by Hinieregger |1979]. indicate that this
agreement may be largely fortuitous. Furthermore, Verna:za
and Reeves |1978] report average sctive region to average
quiet sun enhancement factors for the other strong emission
lines in the wavelength range 1206-1335 A which require ac-
tive region a.eas varying from 37% to 302% of the area of the
solar disk :0 explain the measured solar maximum to solar
minimum intensity ratios. Therefore although there is strong
evidence that the variability from solar minimum to solar
maximum 1200-1800 A cannot be explained simply by an in-
crease in the pumber of active regions on the disk as suggested
by Cook er al [1980). further measurements over the cycle
will be required to resolve this question unambiguously.

CONCLUSIONS AND FUTURE WORK

We conclude that there is a significant variability in the so-
lar spectral irradiances from solar minimum to solar maxi-
mum at wavelengths short of 1800 A with the change varying
from less than the +15% measurement error st 2000 A to a fac-
tor of 2.5 near 1200 A. We find no evidence for solar variabil-
ity excceding our measurement error of approximately £ 15%
above 2000 A. We also conclude that the irradiance values of
Broadfoot {1972) from 2100 to 2550 A should be reduced by
35% £ 15%. We find good agreement with previous results in
the 1800- 10 2100-A region. Many emission line intensities at

MOUNT ET AL.: S0LAR UV IRRADIANCE AT SOLAR MAXIMUM

wavelengths below 4850 A are also significantly enhanced
over the solar minimum values.

Future flights will extend the wavelength coverage of the
MUV instrumeat to 3200 A to connect with ground-based cal-
ibrations. We also plan to fly two additional spectrometers to
cover the 300- 10 1200-A and 40- 1o 300-A wavelength ranges,
respectively.
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Photon-counting array detectors for space and ground-based studies at uitraviolet
and vacuum uitraviolet (VUV) wavelengths
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Abstract

The Multi-Anode Microchannel Arrays (MAMAs) are a family of photoelectric photon-counting
array detectors, with formats as large as (256 x 1024)-pixels that can be operated in a
windowless configuration at vacuum ultraviolet (VUV) and soft x-ray wavelengths or in a
sealed configuration at ultraviolet and visible wavelengths. In this paper, we describe
the construction and modes of operation of (1 X 1024)-pixel and (24 X 1024)-pixel MAMA
detector systems that are being built and qualified for use in sounding-rocket spectrometers
for solar and stellar observations at wavelengths below 1300 A. We also describe briefly
the performance characteristics of the MAMA detectors at ultraviolet and VUV wavelengths.

Introduction

The feasibility of studying astrophysical plasmas at ultraviolet and VUV wavelengths
using space instruments, and the need to study the characteristics of high-temperature
plasmas in fusion test reactors, such as Tokamaks, have created requirements for imaging
photoelectric array detectors that can be operated both in a sealed configuration at
ultraviolet wavelengths longer than 1100 A, and in an open configuration at shorter wave-
lengths. The Multi-Anode Microchannel Arrays (MAMAs) are a family of photoelectric photon-
counting array detectors that have been developed specifically to meet these needs. These
detectors combine the high sensitivity and photometric stability of a conventional channel
electron multiplier (CEM) with a high resolution imaging capability. Furthermore, these
??}eﬁtors are rugged and simple to use and have been fiully qualified for sounding-rocket

ghts.

In this paper, we describe the construction and modes of operation of (1 x 1024)-pixel
and (24 x 1024)-pixe]l MAMA detector systems that are being built and qualified for use in
sounding-rocket spectrometers for solar and stellar observations at wavelengths below
1300 A. We also summarize the parameters of the MAMA detectors which are of importance for
space applications and describe briefly their performance characteristics at ultraviolet
and VUV wavelengths.

Multi-Anode Microchannel Arrays

Two types of Multi-Anode Microchannel Array (MAMA) detector systems have been developed,
as shown in the schematics in Figure 1. The discrete-anode MAMA detector! (Figure 1la)
consists of a tube assembly (sealed or open) containing an array of metal anodes and a
single curved-channel microchannel plate (MCP) with the appropriate photocathode material
deposited on the input face. The detector resolution elements (pixels) are defined solely
hy the physical dimensions of the electrodes in the anode array, which is mounted in prox-
imity focus with the output face of the MCP. The photocathode material defines the spectral
range of the detector and the curved-channel MCP provides the high gain and narrow output
pulse-height distribution required for pulse-counting operation with a noise level determined
solely by the statistics of the photon detection rate. A charge amplifier and discriminator
circuit, which issues a logic pulse for each output charge-pulse from the MCP that exceeds
a pre-set threshold, is connected to each anode. These pulses are accumulated in a set of
counting circuits for a pre-determined exposure time. The number of events recorded in
each counting circuit is proportional to the number of photons (or charged particles) inci-
?ent upon that part of the front face of the MCP that corresponds spatially to the anode

ocation.

Since the number of pixels in a discrete-anode array is limited to about 500 by the
currently available connector and electronics technologies, we have developed the coincidence-
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Figure 1. Multi-Anode Microchannel Arrays
Discrete-anode array. b. Coincidence-anode array.

anode MAMA detector? which employs two sets of anode electrodes, insulated from each other
but exposed to the output face of the MCP, as shown in Figure 1b. In the coincidence-anode
MAMA detector the spatial location of an event is determined by the simultaneous detection
of a charge-pulse on the two sets of anode electrodes. Using this technique, a total of
a x b pixele can be uniquely defined using only a total of a + b sets of anode electrodes.
A (1 x 1024)-pixel array, for example, which has a total of 32 x 32 pixels, requires only
32 + 32 sets of anode electrodes. A charge amplifier and discriminator circuit, which
issues a logic pulse for each output charge-pulse from the MCP that exceeds a pre-set
threshold, is connected to each set of anode electrodes. Any valid combination of coinci-
dent logic pulses is decoded to determine the spatial location of an evant. The number of
events occurring at each spatial location is stored in the corresponding word of a Random
Access Memory (RAM). This decoding and storage process is repeated at a maximum rate
determined by the pulse-pair resolution of the electronics. A number of discrete- and
coincidence-anode MAMA detectors have been fabricated or are under development at this
time. The characteristics of these detectors are listed in Table 1 and details of the
configurations of these different anode arrays may be found in the literature3'*

Table 1. Characteristics of Discrete- and Coincidence-Anode MAMA Detectors

Maximum Count _Kate*
Pivel (counts s !

" "y Msber of Lach

(mm)¥ Amplitiers Pinel
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Sounding rocket detector systems

Two coincidence-anode MAMA detector systems, with anode-array formats of 1 x 1024 pixels
and 24 x 1024 pixels respectively, are currently being fabricated and tested specifically
for use in sounding-rocket spectrometers. The configuration of the anodes in the (1 x 1024)-
pixel linear array is shown in the schematic in Figure 2a. The 16-fold positional ambiguity
for each of the 32 fine-position anodes is removed by the 32 coarse-position anodes, and a
total of 64 amplifier and discriminator circuits is required for the 1024 spatial locations.
gTe (1 xb1094> -pixel anode array, with pixel dimensions of 6.5 mm X 25 microns is shown in
gure 2b.

GROUP 1 GROUP 2 GROUP 15 GROUP 16
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ENCODING ANODES

1\ : !

(b)

Figure 2 (1 X 1024 )-pixel coincidence-anode array
a Anode-array configuration
b. Anode array with pixel dimensions of 6.5 mm x 25 microns.
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Since an exact match between the microchannels in the MCP and the linear electrodes in
the anode array cannot be guaranteed, the coincident arrival of pulses on either two or
three adjacent anodes is identified and stored as an address in the decoding electronics.
Positional information is thus obtained from 2048 pixels (corresponding to a spatial resolu-
tion of 12.5 microns in the array). Adjacent two-fold events are then summed to produce
the required 25-micron spatial resolution with a high uniformity of response from pixel to
pixel. The random coincidence of pulses in different parts of the array is recognized by
the electronics as an invalid event and is disregarded. The block diagram of the electronics
for the (1 x 1024)-pixel detector system is shown in Figure 3.
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Figure 3. Block diagram of the electronics for the (1 x 1024)-pixel -
coincidence-anode detector system.

In the (24 » 1024)-pixel coincidence-anode array, an additional set of 24 discrete-anode¢
eiectrodes is fabricated beneath the upper coincidence-anode electrodes, as shown in the
schematic in Figure ta. The electrodes in the two layers are insulated from each other but
exposed to reccvive the low-energy (~30 V) electrons from the MCP. These multi-layer arrays
are fabricated to our specifications by the Raytheon Company®. The (24 x 1024 )-pixel anode
array with pixel dimensions of 260 microns by 25 microns is shown in Figure 4b. The coinci-
dent arrival of pulses on two or three vertical anodes and one horizontal anode s used to
identify valid events, and a total of 88 amplifier and discriminator circuits is required
for the 24.576 spatial locations, as shown in the electronics block diagram in Figure 5.

PR T

The open-siructure (1 x 1024)-pixel detector has been incorporated in an evacuated VUV
spectrometer that is being used to measure the absolute values of the solar spectral irradi- ]
ances at wavelengths from 250 to 1250 A, and to determine the magnitudes of the variabilitics
of the spectral irradiances over the solar cycle. As shown in the schematic in Figure 6,
the spectrometer employs a 1028-groove mm™! concave diffraction grating, with a radius-of-
curvature of 0.25 m, in a conventional normal-incidence mounting. The detector housing is
the rear body assembly of the model 549-169 MAMA detector tube, manufactured to our specifi- ]
cations by EMR Photoelectric, Inc.®. The 1024-pixel MAMA detector monitors the entire 3
spectrum from 250 to 1250 A with a spectral resolution of approximately 2 A (2 pixels per 4
spectral resolution element) and a temporal resolution during the rocket flight of 2 s.
The spectrometer is evacuated prior t.o launch, opened for observations Juring the rocket ]
flight, and re-sealed prior to re-entry. Since there are no moving parts in the spectro- 3
meter, a hydrocarbon-free, high-vacuum environment is preserved to guarantee the photometric 3
stability of the instrument.

As shown in Figure 7, the electronics are divided into two packages, with the amplifiers,
discr.minators and line drivers mounted adjacent to the detector assembly, and the address-

L e
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| Anode<array configuration
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Figure 5. Block diagram of the electronics for the (24 X 1024)-pixel

coincidence~anode detector system.
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Fipure 6. Schematic of evacuated VUV spectrometer with (1 x 1024)-pixel

colncidence-onode MAMA detector,

viUdlng circnits and the 1024 X 10-bit RAM located remotely from the optical instrument.
[hp spectrometer and the detector system have been fully qualified tor sounding-rocket
ilaﬂhtg. and have survived vibration at g level of 20 p rms over the frequency range from
200 ta 2000 Ha The spectrometer is currently undergoing optical alienment and focusing
tos{s in preparation for photometric calibration using the National Rureaun of Standards
(NBS)Y SURF 11 synehrotron-vadiation factlity.
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Figure 7. VUV spectrometer and electronics assemblies.

The (24 X 1024)-pixel detector system will be used in an evacuated echelle spectrometer,
mounted at the focus of a 40-cm-diameter Cassegrain telescope system with a servo-controlled
secondary mirror for image stabilization. This high-spectral-resolution instrument will
have numerous and broad applications to a variety of scientific problems, including studies
of the interstellar medium, mass loss from OB stars, the nature of Be stars, and coronal
emission lines from cool stars. Although it is being prepared for initial flight on a
Black Brant sounding rocket, the stellar instrument has been designed, from the outset, for
future flights on the fpace Shuttle. The 0.5-m focal-length echelle spectrometer will have
an initial resolving power (A/AA) of 60,000 over the wavelength range from 900 to 1200 A.
During the first sounding-rocket flight, the instrument will study several aspects of the
interstel’ ir medium, including element abundances, velocity structure, and interstellar
extinction The (24 x 1024)-pixel coincidence-anode detector will be used to record data
from eight echelle orders and determine the inter-order scattered light levels simultaneously.
Data will be recorded simultaneously over a total spectral range of about 80 A. This open-
structure MAMA detector, which has a configuration similar to that employed in the solar
VUV spectrometer, will have an opaque Csi photocathode deposited on the front face of the
MCP after {t is installed in the spectrometer, in order to provide the maximum quantum
efficiency at waveleroths between 900 and 1200 A.

The (24 x 1024)-pixel detector system is currently nearing completion and will be under
test at the end of March 1981 As the result of the fabrication of the (1 X 1024)-pixel
and (24 X 1024)-pixel detector systems, we have developed a general packaging scheme which
can be used for any of the discrete- or coincidence-anode MAMA detectors listed in Table 1.
The dimensions of the different assemblies are shown in Figure 8. Two assemblies are
required for each of the detector systems, except for the (512 x 512)- and (256 x 1024)-
ri\n‘l coincidence-anode arrays which require an additional memory assembly, as shown in
‘Tgure Re

Performance characteristics

The performance characteristics of the MAMA detector systems offer a number of significant
advantages over alternative photoelectric imaging systems currently under development for
space and ground-based studies at ultravialet and VUV wavelengths. The most important of
these characteristics, some of which are mandatory for reliable operation in the vacuum
environments encountered in space and in ground-based VUV instrumentation, are:

1) The detector operates at high gain (>10% electrons pulse™) in the pulse-counting
mode with an applied potential of less than 3 kV This is a significantly lower voltage
than any other comparable image-intensifier system and ensures that the detector can be
safely operated in an open=structure configuration under vacuum at pressures of 10 S Torr
or lower

2} No cooling of the detector system is required for pulse-counting operation at ultra-
violet and VUV wavelengths
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Figure 8. Schematics of MAMA detector systems for space and
ground-based applications.

Detector head assembly.

Logic assembly.

Additional memory assembly (required for (512 x 512)-pixel

and (256 x 1024)-pixel detecior systems).

o

3) The total power requirement for a detector system is of the order of 30 W or less,
which minimizes the problem of cooling when the electronics are operated under vacuum.

4) The detector system does not use magnetic or electrostatic focusing systems and the
spatial accuracy is determined solely by the spacing of the metallic electrodes in the
anode array. The resulting image is distortion-free, with a single-pixel resolution that
is independent of position in the array or of the signal level.

5) The detector has a high immunity to external magnetic fields of several hu; :red
Gauss.

6) No long-term damage is caused by exposure to high-energy radiation.
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7) The detector system has zero readout noise; consequently, the signal-to-noise ratio
is determined solely by the photon statistics and by the photocathode.dark-count rate.

8) The detector employs a random readout system. The time-of-arrival of an event can
be identified with a precision equal to the pulse-pair resolution of the electronics
(currently in the range from 700 to 100 ns for the different systems).

9) All data are recorded in a digital format. This greatly facilitates array processing
and data manipulation.

10) Data can be selectively read out from any portion of the array. The format can,
accordingly, be optimized for a specific observation.

The key to the excellent performance characteristics of the MAMA detectors is the curved-
channel MCP. The curved-channel MCPs currently used in the MAMA detector tubes are fabri-
cated by Galileo Electro-Optics Corporation? and have C-configuration microchannels (see
géﬁure 9) to inhibit ion-feedback in an identical manner to that employed in a conventional

(a)

1[:)

Figure 9. Curved-channel MCP with 25-micron-diameter channels
a. Face of plate.
b. Section of plate.

Curved-channel MCPs with both 25-micron-diameter channels on 32-micron centers and 12-
micron-diameter channels on 15-micron centers are now available. The length-to-diameter
ratios of the channels in the MCPs delivered to date have ranged from 80:1 to 140:1, and
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the microchannels have been set at a bias angle~of 157 with respect to the input face of
the plate. Some units of the curved-channel MCPs have been fabricated with the channel
inputs funnelled to increase the open-area ratio ‘to 75-80%. This improves the detection
efficiency and facilitates the collection of the high-energy photoelectrons when the MCP is

gggg :s a high-spatial-resolution open-structure detector at VUV wavelengths below about

Details of the performance characteristics of the curved-channel MCPs are being presented
elsewhere in the literature®, and we note here only those characteristics which are of
fundamental importance for the operation of the MAMA detectors. First, a single curved-
channel MCP can be operated stably at high gain in the pulse-counting mode. Accordingly,
the loss of spatial resolution caused by charge spreading at the interface of the two MCPs
required in a conventional "chevron" MCP detector is eliminated. Second, the amplitude of
the output pulse is clipped by the effects of space charge within the channel and the
output pulse-height distribution has a quasi-Gaussian form. The resolution of the output
pulse-height distribution can therefore be defined as:

R = 4G
G
where AG equals the full width at the half-height of the distribution, and G equals the

modal gain value. Resolutions of the order of 30 to 50% and modal gain values in the range
1 to 3 x 10% electrons pulse™! are typically obtained with the curved-channel MCPs.

(1)

The narrow pulse-height distribution produces a stable counting plateau in the high-
voltage characteristic, and the curved-channel MCP, accordingly, produces a highly stable
photometric response without stringent requirements on the stability of the high-voltage
supply. In addition, the narrow pulse-height distribution facilitates the rejection of
signal capacitatively cross-coupled between adjacent electrodes in the anode array. Accord-
ingly, a highly uniform single-pixel response is obtained with a pixel-to-pixel cross talk
of the order of a few percent or less, as shown in Figure 10. Indeed, the imaging quality
of the MAMA detectors cannot be measured with our existing test equipment, and the laboratory

optical facility is being upgraded in order to determine the limiting performances of the
detectors.
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Figure 10. Motion of a slit image in 12.5 micron steps between adjacent
25-micron pixels in the (1 x 1024)~-pixel coincidence-anode array.

Finally, when properly conditioned and operated at the caorrect gain level®, the curved-
channel MCPs have demonstrated_intrinsic dark-count rates at room temperature of signifi-
cantly less than 0.01 counts mm™2 s~! and lifetimes in excess of 2.5 x 10'! counts mm™2.

The semi-conducting glass of the curved-channel MCP in an open-structure MAMA detector
can be used as an efficient photocathode at VUV wavelengths below about 1400 A. Because of
the high work function of the glass, the bare MCP is hipghly insensitive to wavelengths
longer than about 2000 A, This greatly facilitates the rejection of long wavelength
scattered radiation for studies at VUV wavelengths. In order to enhance the VUV sensitivity
an opaque MgF. photocathode can be deposited on the front face of the MCP. For ultraviolet
applications, an opaque sl or an opaque s,Te photocathode can be drposited on the front
face of the MCP. The response of the MAMA detector can accordingly be effectively tailored
to the wavelength range of interest. The characteristics of the photocathode materials
utilized to date at ultraviolet and VUV wavelengths are summavized in Table 2.

138 7 SPIE Vol 279 Ultraviolet and Vecuum Ulmw‘olot_ Systems (1981)




B g, RN (IR

M

[

[ R e it LR

" ORIGINAL
“mMB

Table 2. Ultraviolet and VUV photocathode materials for MAMA detectors

Material e it T (count mmctant)
Bare MCP 1-1400 >15 at 600 A <0.01
Nng 1-1000 *25 at 300 A <0.01
sl (G) ~1000-1800 >40 at 1216 A <0.1
CsaTﬂ B 1200-3200 >10 at 2000 A <0.2

Full details of the performance characteristics of the deteotor systems will be presented
in the lterature at the end of the evaluation program later this year.
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