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Search for Sulfur (st) onJ uplter at
Millimeter Wavelengths

- Joanna Joiner, Member, IEEE, Paul G. Steffes, Senior Member, IEEE, and Keith S. Noll

Abstract—We have observed Jupiter at two wavelengths near
1.4 mm in an attempt to detect gaseous hydrogen sulfide (H,S)
or place new upper limits on its abundance in Jupiter’s atmos-
phere. Although we were not successful in detecting H,S, we
report the first brightness temperature observations of Jupiter
at 1.4 mm with a spectral resolution of approximately 1 GHz
using Mars as the calibration standard. We also discuss the
methodology and results of a laboratory experiment in which
we measured H,S absorption at 1.4 mm in a simulated Jovian
atmiosphere (predominantly H, and He). We apply the resuits
of our laboratory measurements to a radiative transfer model
which we use to interpret our observations of Jupiter.

L. INTRODUCTION

‘ ULFUR is the tenth most abundant element in the so-

lar system [1]. Although sulfur has been detected on

Jupiter’s -volcanic moon Io, it remains mysteriously ab-

sent from the list of elements detected in the massive at-
mospheres of the gaseous giant or Jovian planets (Jupiter,
Saturn, Uranus, and Neptune). Ground-based observation
with radio telescopes provides one of the few means ca-
pable of probing beneath the dense cloud layers of the

Jovian planets where sulfur in the form of gaseous hydro-.

gen sulfide. (H,S) may be found. Jupiter presents the best
target for the H,S search due to its cloud structure. De-
termination of the sulfur abundance in the giant planet
atmospheres would provide valuable information needed
to develop and refine models of the origin and evolution
of the planets and solar system. The search for sulfur is
also of interest relative to the long-standing problem of
the unknown composition of colored cloud materials in
Jupiter. Because ammonium polysulfides and other sulfur
compounds are leadmg candidates for this material {26],
detection of any sulfur containing molecule would be of
great value.
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Both theory and previous observation suggest that sul-
fur is depleted in and above Jupiter’s troposphere.
Thermo-chemical equilibrium models predict that H;S
combines with ammonia (NHj3) to form an ammonium hy-
drosulfide (NH,SH) ice cloud near the 2 bar pressure level
on Jupiter (see, [2] or [11]). If the H,S abundance is less
than the NH; abundance at sub-cloud altitudes in Jupiter’s
atmosphere, the reaction '

, . _ |
NH(gas) + H,S(gas) = NH,SH(solid) (1)

should rapidly deplete H,S above the cloud. ‘Any H,S

which escaped destruction in the reaction to form NH,SH
should be destroyed by photolysis near 1 bar [3]. Infrared

observations of Jupiter at 2.7 ym by Larson er al. [13]

provide a strict upper limit on the H,S abundance at pres-
sures between 0.7 and 1.2 bar. This limit confirms that
H,S is indeed depleted in Jupiter’s upper troposphere.

Millimeter-wave observations probe altitudes in Jupi-
ter’s atmosphere at and below the altitude of the putative
NH4SH cloud, where gaseous H,S may exist. Bezard ez
al. [3] suggested that H,S lines might affect Jupiter’s mil-
limeter waveélength emission. There are three strong mil-
limeter rotational H,S lines centered at 168.8, 216.7, and
300.5 GHz (1.78, 1.38, and 1.00 mm). The best spectral
region to search for H,S is near the 216.7 GHz H,S line.
At this frequency, the atmospheres of both Jupiter and the
earth are relatively transparent. In Jupiter’s atmosphere,.
NH; opacity obscures the potential effects of H,S lines at
frequencies =300 GHz (wavelengths <1 mm). Interfer- )
ence from the 183 GHz water vapor line in the earth’s
atmosphere would comphcate an observation of the 168.8
GHz H,S line.

Detecting the 216.7 GHz (1.4 mm) H,S line with ex-
isting instrumentation is difficult. The line is pressure-
broadened by hydrogen (H,) and helium (He) (the major

“constituents in Jupiter’s atmosphere), spreading its total

width over 30-40 GHz (Av/v ~ 107"). Most of the ex-
isting observations of Jupiter at millimeter wavelengths
have been made with broad-band filters which have pass-
bands of approximately 70 GHz. These filters average the
emission detected in the passband, effectively smearing
any smaller scale spectral features such as pressure-broad- -
ened H,S lines. Other receivers used in millimeter and
submillimeter astronomy are designed to detect narrow
emission lines (Ay /v ~ 10™%) in the interstellar medium.
These receivers typically have passbands less than 1 GHz
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which would be too narrow to detect pressure-broadened
H,S lines.

Our approach was to observe Jupiter’s emission at two
~ or more frequencies with a high-resolution receiver. Any
significant difference in emission at the different frequen-
cies can be attributed to H,S absorption. We also used
Mars as the primary calibrator to derive reliable bright-
ness temperatures of Jupiter near 1.4 mm.

In order to accurately model the potential effects of H,S
opacity on the radio emission from the giant planets and
interpret observational results correctly, the pressure-
broadening of hydrogen sulfide lines by hydrogen and he-
lium must be measured. This paper describes a laboratory
experiment in which we measured the pressure-broadened
linewidth of hydrogen sulfide in a simulated Jovian at-
r_nosphere at 1.4 mm. This is the same wavelength at
which we observed Jupiter. This measurement represents
the first time an H,S pressure-broadened linewidth has
been measured in a predominantly hydrogen/helium at-
mosphere. We discuss the results of this laboratory mea-
surement and their application to the Jupiter observation.

II. DuaAL WAVELENGTH OBSERVATION OF JUPITER
AT 1.4 mm

A. Instrumentation and Procedure

The primary objective of our observation was to detect
the potential dip in Jupiter’s spectrum resulting from H,S
absorption. We used the total bandwidth of the spectrom-
eter as a bandpass filter or photometer at two frequencies.
We first observed Jupiter near the H,S line center where
the potential H,S absorption is at a maximum. We then
observed Jupiter at a frequency off the line center where
the H,S opacity is small (i.e:, the continuum). Fig. 1
shows the potential effect of H,S on Jupiter’s spectrum at
216 GHz (1.4 mm). The dotted and solid lines are syn-
thetic Jovian spectra with and without H,S absorption, re-
spectively. We also show the observed double sideband
" frequencies. We observed Jupiter and Mars with the LO
centered at 215.3 GHz and 229.6 GHz. We were unable
to tune the receiver to the low frequency tail of the H,S
line due to instrumental problems. In order to infer H,S
absorption, we need only measure a differential emission
between two or more wavelengths. Lellouch er al. [12]
used a similar approach to search for PH; and HCN spec-
tral features on Jupiter. A secondary objective of our ob-
servation was to obtain a reliable brightness temperature
of Jupiter at this wavelength. This requires a precise es-
timate of the brightness temperature of Mars, which was
used as the primary calibrator.

The observations were made with the 10.4 m Caltech
Submillimeter Observatory (CSO)!' at Mauna Kea, Ha-
waii. The double sideband (DSB) receiver has a band sep-
aration of 2.8 GHz (IF-band 1150-1650 MHz). The

Acousto-Optic Spectrometer (AOS) has a total bandwidth -

'"The CSO is operated by the California Institute of Technology under .

" funding from the National Science Foundation, Contract #AST-88-15132.
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Fig. 1. Effect of H,S absorption near-220 GHz and frequencies at which
we observed Jupiter with the double sideband (DSB) CSO receiver. Dashed
line: spectrum with H,S absorption, solid line: spectrum without H,S ab-
sorption. '

of 500 MHz and 1024 channels. The receiver tempera-

~ tures (DSB) measured at 215 and 230 GHz were 220K and
240K, respectively.

The receiver required careful tuning at each frequency
of observation. Tuning the receiver.involved the manual
adjustment of several back-shorts and attenuators in order
to optimize the receiver temperature. Because the two fre-
quencies we chose were separated by approximately 15
GHz, it was not possible to use a single local (Gunn) os-
cillator (LO). Changing oscillators increased the time re-
quired to tune the receiver. We required between 45 min-
utes and 2 hours to achieve adequate receiver
temperatures.

Chopping was accomplished by position switching or
alternately pointing the telescope ON the source (planet)
and then at a position in the sky OFF the source 5 feet in
either the + or — azimuth direction. The telescope re-
mained both ON the source and OFF the source for a du-
ration of 10 seconds. One scan of the source is defined as
4 ON/OFF cycles resulting in a total integration time of
80 seconds.

Accurate telescope pointing was accomplished by con-
structing a five point map of the planet. An on-line pro-
gram used a Gaussian fit to-position the planet in the cen-
ter of the telescope beam. The pointing remained accurate
to better than 4” (or ~10%) between repositioning which
typically took place after every other scan.

We observed both Jupiter and Mars on (UT) November
25, 1990 with the LO centered at 215.3 GHz so that the
H,S line (216.7 GHz) was centered in the upper sideband.
We observed Mars first, then Jupiter, followed by Mars
again, checking for variation in the observed temperature
of Mars. We observed no variation in the temperature of
Mars on that night. We used the same procedure to ob-
serve the two planets on (UT) 26 November, 1990 at a
frequency 229.6 GHz. This frequency was chosen so that
the 230.5 GHz CO line, which has been observed in the
Martian spectrum, would be between the upper and lower
sidebands. Therefore, it would not interfere with our con-
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tinmum observation of Mars. Some variation occurred in
the observed antenna temperature of Mars at this fre-
quency prior to and following the observation of Jupiter.
This variation results in a large uncertainty in the ob-
served temperature of Mars and thus a'large uncertainty
in the Mars/Jupiter ratio at this frequency. The receiver
was then retuned to a center frequency of 215.3 GHz to
repeat the November 25 observation. We observed Mars
followed by Jupiter. We were unable to observe Mars a
second time due to the low elevation 0f Mars and deteri-
orating weather conditions.

B. Calibration

The computer automatically executed a chopper wheel
calibration scan before scanning the planet. This calibra-
tion procedure removed the effects of the earth’s atmos-
pheric opacity [16]. Because our source and calibrator
have finite and different angular sizes, additional calibra-
tion steps were required.

For a source (planet) whose size is comparable to the
~ size of the antenna beam, the product of the cold spillover
efficiency, 8, and the source coupling efficiency, v, can
be computed from.

T*(Planet) }
2 TPlanet

[r-col -8 ]

[16] where D is the angle subtended by the planet, 6 is
the telescope beamwidth (FWHM), Tpy,,. is the actual or
- estimated brightness temperature of the planet, and T} is
the observed antenna temperature (automatically cor-
rected by the computer for atmospheric -effects and tele-
scope losses). Mars is an ideal calibrator. It is bright,
compact, and its tenuous atmosphere gives rise toa rela-
tively flat millimeter-wave spectrum (with the exception
of a few narrow lines such as the CO line mentioned
above). The Martian brightness temperature can be pre-
dicted with good accuracy. Using the observed T’y (Mars)
and assuming Ty, based on radiative transfer models and
previous observations, By can be computed from (2).
Then, By is used to compute Jupiter’s brightness (Tjypiter)
from the observed antenna temperature T (Jupiter).

" In (2), the second term represents a correction for the
partial filling of the antenna beam [21]. For Jupiter, we
use an equatorial radius at the 1 bar level of 71495 km
and an ellipticity of 0.065. This value is based on the
Voyager radio occultation experiment [9]. A value of 3397
km was assumed for the Mars equatorial radius with an
ellipticity of 0.0006. These are the same radii as those
used by Griffin er al. [14]. During the epoch of our ob-
servation, the angle subtended by Mars was approxi-
mately 18", Jupiter’s size was approximately 40.6 inches
X 38/[

By (Main Beam) = (i

In order to infer the antenna beamwidth (©), we ob—‘

tained a 230 GHz map of Jupiter from Schinckel (private

communication, 1991). The beam map was deconvolved
with a model of Jupiter’s expected emission which takes
into account the effects of its oblate shape and limb dark-
ening. The resulting antenna pattern was Gaussian with a
FWHM of 45.9 inches at 230 GHz. Assuming the antenna
illumination efficiency to be constant over the 215.3 to
230 GHz range, the FWHM at 215.3 GHz is 49.0".

We estimated the brightness temperatures of Mars to be
211.9 and 212.6 K at 216 and 230 GHz, respectively. The
estimates are based on a radiative transfer model devel-
oped by Rudy et al. [18], [19]. Rudy’s model accounts
for both seasonal and longitudinal variation. The model
predicts a longitudinal variation in the Martian brightness -
temperature of less than 1K or 0.5% during the epoch of

our observation. Since Rudy’s model is extrapolated from
‘observations at 2 and 6 cm, we have used an additional °

check. Ulich [22] has developed the only model for pre-
dicting the Martian brightness temperature based on mil-

limeter wavelength observation using absolute calibra-

tion. Ulich’s model is limited in that it is based on
obsetvations at a smgle frequency (86 GHz or 3.5 mm)
and only takes into account seasonal variation. Ulich’s
empirical expression predicts a temperature of 208.1 +
1.5 K at 86 GHz. Rudy’s model predicts the brightness
temperatures over one rotation of Mars to vary between
197 and 203K at 86 GHz. The two models agree to within
about 5%.

Previous observers have stated the uncertainty in the
Martian brightness temperature to'be +10% or approxi-
mately +20 K [9]. Muhleman and Berge [15] have re-
cently reported an uncertainty in the Martian brightness
temperature of +3% or +6 K. Our estimation of the Mar-
tian brightness temperature using Rudy’s model is similar
to that of Muhleman and Berge [15]. We'used an effective
dielectric constant of 2.5 and a (power) absorption length
of 15 wavelengths in Rudy’s model to compute the Mar-
tian brightness temperature for the epoch of our observa-
tion (L, = 338°.9). Although Rudy (private communi-
cation, 1991) estimates the uncertainty in his model to be
somewhat better than 10%, we will assume the uncer-
tainty in the Martian brightness temperature to be +10%.
It should be noted that this-is the same uncertainty used
by previous observers [9] and it is a conservative estimate
compared with that of Muhleman and Berge [15}.

Ideally, the observations of Jupiter should be made
when the calibrator (Mars) is close to the source (Jupiter)
in the sky. In that case, the effects of any temporal or
spatial variation in the earth’s atmospheric opacity would
be limited. However, good observations of Jupiter rela-
tive to Mars can still be made even if the planets are not
ideally positioned. During our observation, Jupiter
reached zenith approximately 5 hours after Mars. We were

careful to observe Jupiter and Mars at times when the at-

mospheric opacity was observed .to be stable and both
planets were at similar elevations. The amount of observ-
ing time satisfying these conditions was limited.

The atmospheric opacity was monitored by accessing
data from the NRAO/SAO 225 GHz Atmospheric Re-
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TABLE 1
OBSERVED ANTENNA TEMPERATURES
Freq. Date T* + 1o
(GHz) (Um) Source X) By Comments
215.31 11/25/90 Mars 59.7 £ 0.4 0.825 All scans (2 sets)
215.31 11/25/90 Jupiter 154.9 + 6.7 All scans (1 set)
161.6 + 1.2 scans starting ON source only
148.2 £ 0.9 scans starting OFF source only
215.31 11/25/90 Mars 51.4 + 0.6 0.713 All scans (1 set)
215.31 11/26/90 Jupiter 141.8 + 6.4 All scans (2 sets)
147.5 £+ 1.2 scans starting ON source only
134.7 £ 2.5 scans starting OFF source-only
- 229.60 11/26/90 Mars 60.5 + 4.4 0.743 All scans (2 sets)
: 54.8 +£ 0.4 0.673 " Low’s only
63.6 + 0.7 0.782 High’s only
229.60 11/26/90 Jupiter 154.5 + 12.9 All scans (1 set)
169.2 + 1.5 scans starting ON source only
143.4 + 1.3 scans starting OFF source only

ceiver located next to the CSO. This instrument is a ra-
diometer which measures the earth’s atmospheric emis-
sion at several elevations in order to determine the
atmospheric transmission and corresponding zenith opti-
cal depth. The zenith optical depth, 7,, was stable at 0.05
on 25 November for approximately three hours. On No-
vember 26, 7, was higher but relatively stable at 0.2 for
approximately four hours. We were unable to observe on
the first scheduled night of observation (November 24)
due to poor weather conditions.

C. Results

~ Using the data analysis package CLASS, we fit a zero

order baseline to the observed spectrum of each scan. We
averaged the antenna temperature (7) over the 1024 AOS
channels to reflect a mean and RMS deviation for each
scan. The overall observational uncertainty was domi-
nated by scatter in the means of individual scans, not the
baseline ripple observed in a single scan. As expected,
we were limited by sky noise and systematic errors, not
the receiver sensitivity. The averaged observed antenna
temperatures, T, are listed in Table I. We also list our
computed values of By. The expected value of By at 230
GHz was approximately 0.72. We note that our observed
values of By varied from night to night by as much as
10% .

We also note systematic variations in both the Jupiter
and Mars scans. The Jupiter scans which began with the
telescope ON the planet resulted in consistently higher

antenna temperatures than scans which began with the tel-.

escope OFF the planet (on the sky). We believe that the
computer-controlled attenuators were not set to adequate
levels during the scans which began OFF the source. This
would cause compression of the amplifiers which would
result in lower measured antenna temperatures. Compres-
sion. of .the amplifiers was observed independently by
Schinckel (private communication, 1991). Therefore, we
believe that only the scans which started ON Jupiter are
reliable and include only these scans in our calculation of
Jupiter’s brightness temperatures.

We list the data used to derive Jupiter’s brightness tem-
perature at 215 and 230 GHz in Table II. The uncertainty
in Jupiter’s brightness temperatures (Tjypi,) for individual
nights is the root sum square of the observed uncertainties
in T for Mars and Jupiter (note: This does not include
the additional +10% uncertainty in the estimated Martian
brightness temperature).

We report our observed brightness temperatures of Ju-
piter along with those of previous observations near 1.4
mm in Table III. The first uncertainty represents the lo
statistical uncertainty in the Mars/Jupiter ratio, appropri-
ate for searching for possible spectral features. The sec-
ond uncertainty includes the additional 10% uncertainty
in the assumed Martian brightness temperature required
for calibrated brightness temperature measurements. Qur
observed brightness temperatures are in relatively good
agreement with previous observations at wavelengths near
1.4 mm [17], [6], [23], [9]. It should be noted that all of.
the previous observations were made with broad-band fil-
ters, and only Courtin et al. [6] and Griffin et al. [9] used
Mars as the calibrator. Rather er al. [17] and Ulich ez al.
[23] assigned brightness temperatures of 150K and 165K,
respectively, to Jupiter based on their observations of sev-
eral planets and previously observed planetary brightness
temperatures-at longer and shorter wavelengths.

Finally, we chose to utilize the spectral information
available in the 1024 AOS channels to obtain additional
calibration information and to check for the unlikely pres- .
ence of a narrow line core emission from H,S in Jupiter’s
stratosphere. We observed line emission from the core of
the Orion molecular cloud on both nights at 215.3 GHz
in addition to the two planets. The hydrogen sulfide line
emission from Orion at 216.7 GHz (centered in the upper
sideband) was clearly visible after one scan. If an H,S
emission core was present in the Jupiter scans, it would
also be centered in the upper sideband.

We observed no H,S emission core when all of the Ju-
piter scans were averaged. This results in a stratospheric
H,S mixing ratio upper limit of approximately 1 x 107°.
This limit is not as tight as previous upper limits of Ju-
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TABLE II -

OBSERVATIONAL DATA USED T0 COMPUTE JUPITER’S BRIGHTNESS TEMPERATURE
Freq. Date T*+ 1o T* + 1o Tars Tyupicer
(GHz) UT) Mars Jupiter ‘ Estimated Observed
215.31 11/25/90 59.7 £ 04 161.6 + 1.2 211.9 166.3 + 1.7 .
215.31 11/26/90 514 + 0.6 147.5 £ 1.2 211.9 175.0 £ 2.5
229.60 11/26/90 60.5 + 4.4 169.2 + 1.5 212.6 178.1 + 13.0
229.60 11/26/90 548 +04 169.2 + 1.5 212.6 196.7 +£ 2.3
229.60 11/26/90 63.6 + 0.7 169.2 + 1.5 212.6 1694 + 2.4
TABLE III .
‘ OBSERVED BRIGHTNESS TEMPERATURES OF JUPITER NEAR 1.4 mm
Wavelength Freq. T3 Ay
(mm) (GHz) (K) Calibrator (GHz) Reference
! 1.30 231 175.0 + 2.5(18) Mars 3.2 This work -
1.32 227 170.9 + 3.9(18) Mars 70 Griffin et al. (1986)
1.32 227 165 + 8(18) planets 39 Ulich ez al. (1984)
1.39 216 178.11 + 13.022) Mars 3.2 This work
1.40 214 148 + 16(22)* . planets 275 Rather et al. (1975)
1.40 v 214 168 + 11(20)¢ Mars 210 Courtin et al. (1977)

“First uncertainty is 1o observational uncertainty, the second uncertainty includes an additional 10% for

absolute calibration.

b Brightness temperatures as corrected in Berge and Gulkis (1976).
“Recalculated using beam correction factor in Ulich (1980).

piter’s stratospheric H,S abundance (as low as 1 X 107%)
based on observations at several wavelengths from the in-
frared to uv (summarized by Larson et al., [13]).

The line intensities in the Orion spectra also provide a
secondary calibration source. We obtained good agree-
ment between our spectra of Orion taken on 26 November
and those of Sutton et al. [20]. However, the line intens-
ities of the spectra taken on November 25 are significantly
higher than those of Sutton er al. [20]. This could be due
to a sideband ratio # 1. This might also explain the high
value of 8y observed on November 25. Therefore, we be-
lieve the November 26 observation to be more reliable
than the November 25 observation.

1. MEASUREMENT oF (H,S) OrpacIty AT 1.4 mm -

One of the outstanding problems in millimeter spec-
troscopy of planets has been and continues to be the lack
of adequate laboratory measurements of lineshapes and
linewidths of gases at relevant pressures and temperatures
and with appropriate broadening agents. Since H,S ab-
sorption has never been measured under Jovian conditions

(i.e., predominantly hydrogen atmosphere), we have con-

figured a system capable of making such measurements.
We use the results to intepret our Jupiter observations.

A. Laboratory Configuration and Procedure

A block diagram of the laboratory configuration used
to measure H,S absorption is shown in Fig. 2. The G-band
CW signal (~218 GHz) was generated by doubling a
W-band (~ 109 GHz) klystron tube source. The klystron
power supply provided 1 KHz modulation by varying the

klystron reflector voltage. The resulting frequency varia-
tion-was less than 0.5%. Since the pressure-broadened
H,S linewidth was several GHz, absolute frequency sta-
bility was not necessary. The modulation signal incident
on the frequency doubler was monitored with an oscillo-
scope. The klystron signal was sampled with a 20-dB cou-
pler and downconverted to an IF of approximately 800
MHz using a harmonic mixer. A microwave source phase-
locked to a microwave frequency counter provided the
mixer’s LO. The IF fréquency and stability was moni-
tored with a high-resolution spectrum analyzer. The exact-
klystron frequency was computed from the precise mea-
surement of the IF and LO frequencies using the spectrum
analyzer and frequency counter.

The G-band signal was transmitted through a 71 c¢cm
glass cell and received using high-gain horn antennas. We
aligned the antennas with a helium-neon laser as illus-
trated in Fig. 3. A G-band square law detector converted
the received millimeterwave signal to a voltage which was
measured with a lock-in amplifier. A 5-cm piece of WR-5
waveguide ( f. = 168 GHz) acted as a high-pass filter to
prevent any leakage of the fundamental or first harmonic
(~ 109 GHz). We used a high-pass filter ( f, = 300 GHz)
to measure the amplitude of the third harmonic (~327

- GHz). The power from the third harmonic was more than

30 dB down from the second harmonic. Therefore, the
detector was measuring power from mostly the desired
second harmonic (~218 GHz).

A relatively large H,S mixing ratio was needed to mea-
sure absorption in the cell. We used a pre-mixed, con-
stituent analyzed gas mixture (Matheson) in all experi-
ments. This mixture consisted of 78.79% H,, 9.28% He
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Fig. 2. Block diagram of the laboratory configuration used to measure millimeterwave H,S absorption in a simulated
Jovian atmosphere.

Fig. 3. Laser alignment of the laboratory instrumentation.

and 11.93% H,S. The uncertainty in the mixture was
+2% of the stated component mixing ratio. The experi-
ments took place at ambient temperature (296K) and at a
total pressure of 2 atm.

We first measured the power or voltage on the detector
with the H,-He-H,S gas mixture in the cell. We then
measured the power with a 90% H,-10%. He gas mixture
in the cell. Reflections occur at the cell boundaries due to
the different dielectric constants of the air outside the cell,
gas mixture in the cell, and lenses at the cell boundary.
The indices of refraction for the two gas mixtures with
and without H,S at STP are approximately 1.000183 and
1.000122, respectively. Reflections occurring at the cell
boundaries should be similar for both gas mixtures. In a
less rigorous check, we observed no difference in reflec-
tion between the H,/He mixture and a mixture of 70%
H, and 30% air which has exactly the same index of re-
fraction as the H,S mixture. The absorption due to the
H,-He mixture was negligible. The attenuation due to the

H,S mixture is computed from the ratio of the voltage
measured with the H,-He-H,S gas mixture in the cell to
the that measured with the H,-He mixture. This approach
ensures that the drop in signal level is due only to absorp-
tion and not to changes in reflection at the cell interfaces.

The main source of uncertainty in this experiment was
power drift in the klystron source. Power and frequency
drifts occurred as the klystron temperature varied. We
found that the klystron output power exhibited a sinusoi- .
dal drift, even though it was mounted on a large heat sink.
The drift period was substantially longer than the time
required to make an individual measurement. By obtain-
ing several measurements; we characterized the drift and
minimized this uncertainty. The overall uncertainty in
klystron power was approximately +7%. Other instru-
mental uncertainties include uncertainty in the measure-
ment of temperature (+1%), total pressure (+7%), and
the above stated uncertainty in the H,S mixing ratio. The
total uncertainty in the measured absorption coefficient is
the root sum square of the individual uncertainties.

B. Experimenial Resuis

The pressure-broadened H,S linewidth in an H,-He at-
mosphere (Av) is approximated by

-n

[AVHszz + AVHePHe -+ AVst\Pst], (3)

Ay =
where Avy,, Avg,, Avy,s are the hydrogen, helium, and
self-broadened H,S linewidths, Py,, Py,, and Py, s are the
partial pressures of hydrogen, helium, and hydrogen sul-
fide, T'is temperature, and 7, is a normalizing temperature
(296K). The temperature scaling exponent, n, has not
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Fig. 4. Measured absorption and theoretically derived absorption in a
78.79% H,-9:28% He-11.93% H,S mixture at 2 bar and 296K using the
Van Vleck-Weisskopf lineshape for several values of Avy,.

been measured for H,S. We assumed a value of n = 0.67

based on the measured nitrogen-broadened 183 GHz H,O -

linewidth [25]. Because our measurement was conducted
at room temperature, the assumed value of n did not affect
our results. Moreover, the value of n does not signifi-
cantly affect the linewidth calculation when temperatures
are extrapolated to lower temperatures occurring in Jupi-
ter’s atmosphere. For example, changing the value of n
to 0.3 (which we estimate to be a lower limit) at 200K
(the temperature of Jupiter’s atmosphere near 2 bar) re-
sults in a linewidth difference of less than 20%.

Helminger and De Lucia [10] measured the 217 GHz

self-broadened H,S linewidth (Jx kv, — Jx_ k00 = 20,2
— 2,.1)-and report a value of Avg,s = 9.10 MHZ/Torr
(6.92 GHz /bar). Wllley et al. [27] measured the 168.8
GHz helium-broadened H,S linewidth (1, ; — 1;,) at
295K and report a value of 1.60 MHz/Torr (l 22
GHz /Bar). We assumed the same AvHe for the 2, — 211
transition.

The measured absorptlon in dB/m at 2 atm and 296K
is shown in Fig. 4. The solid lines represent the theoret-
ically computed absorptlon for several values of Ayy,. The
line parameters used in the computation of H,S absorption

were taken from the GEISA line catalog [5], [8]. We used
the Van Vleck-Weisskopf [24] lineshape with linewidth
as given by (3). Visual inspection of Fig. 4 suggests a
value of Awy, approximately equal to 2 + 0.5 GHz/ Bar
(2.6 + 0.7 MHz /Torr).

IV. DiscussioN

Fig. 5 shows the observed and computed emission from
‘Jupiter near 217 GHz (1.4 mm). Our observed brightness
temperatures (solid circles) and those of previous obser-
vations (open circles) are shown with corresponding error

bars. The error bars include the statistical uncertainty

(solid line) as well-as Ihe additional 10% uncertainty in
the Martian flux (dashed line). The horizontal solid and
dashed lines ate synthetic spectra with and without H,S
opacity, respectively. The spectra were computed using
the radiative transfer model described in [11].
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Jupiter's observed and synthetic spectrum
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Fig. 6. NH; and H,S vertical distributions. based on thermo-chemical equi-
librium models. H,S upper limit from Larson et al. [13] Deep mixing
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We have computed Jupiter’s emission by assuming two
different vertical distributions of NH; and H,S based on
thermo-chemical equilibrium models. The mixing ratios
as a function of pressure in Jupiter’s atmosphere are shown
in Fig. 6. We assumed a deep NH; mixing ratio equal to
2.5 x 107*. The deep NH; abundance is based on micro-
wave and infrared observations [7], [4]. In case I (Fig. 6,
solid lines), we assume a deep H,S mixing ratio-equal to
3.3 X 107, This abundance is approximately equal to the
solar H,S abundance [1]. In case II (Fig. 6, dashed lines),
we increased the H,S mixing ratio to approximately 6
times the solar abundance (2 x 107%. In this case, NH;
is significantly depleted in the 1-2 bar rcglon_by the re-
action with H,S to form solid NH,SH.

Because we were unable to obtain repeatable observa-
tions at individual frequencies over sevéral nights due to
poor weather conditions, the uncertainties in our observed
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brightness temperatures were large. Therefore, we were
unable to detect H,S or set tighter limits on the H,S mix-
ing ratio in Jupiter’s troposphere. However, we have ob-
tained brightness temperatures of Jupiter (relative to Mars)
near 1.4 mm at a higher spectral resolution than previ-
ously used.

V. CONCLUSIONS AND SUGGESTIONS FOR FUTURE
"WOoRK

Although we were unable to obtain a positive H,S de-
tection or set tighter upper limits on the H,S abundance
in Jupiter’s atmosphere, the search for H,S at millimeter
wavelengths should not be abandoned. Poor weather con-
ditions and instrumental difficulties contributed to our
large observational uncertainties. Given more ideal con-
ditions, the statistical uncertainties could be significantly
reduced and systematic effects eliminated: In order to fur-
ther reduce the observational uncertainty, the integration
time must be increased. Observations should be repeated

over three or more nights. Weather conditions must also

be exceptional in order to eliminate any variations in the
observed brightness temperatures resulting from varia-
tions in the earth’s atmospheric opacity. In addition, ob-
servations should be made at a minimum of three fre-
quencies, corresponding to the H,S line center and on both
sides of the line near the continuum, in order to achieve
a convincing detection of the H,S line.

Improvements in millimeter-wave technology will make
the detection of broad spectral features (i.e., pressure-
broadened lines in planetary atmospheres) more feasible
in the future. Wide-band oscillators coupled with com-
puter-controlled tuning will significantly reduce the time
required to tune receivers. New instruments,
Fourier Transform Spectrometers with GHz resolution,
will also be available for future use in planetary milli-
meter-wave spectroscopy.
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