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a b s t r a c t

Here we present our recent studies of proton-irradiated and unirradiated ammonium hydrosulfide,
NH4SH, a compound predicted to be an important tropospheric cloud component of Jupiter and other
giant planets. We irradiated both crystalline and amorphous NH4SH at 10–160 K and used IR
spectroscopy to observe and identify reaction products in the ice, specifically NH3 and long-chained
sulfur-containing ions. Crystalline NH4SH was amorphized during irradiation at all temperatures studied
with the rate being the fastest at the lowest temperatures. Irradiation of amorphous NH4SH at �10–75 K
showed that 60–80% of the NH4

+ remained when equilibrium was reached, and that NH4SH destruction
rates were relatively constant within this temperature range. Irradiations at higher temperatures
produced different dose dependence and were accompanied by pressure outbursts that, in some cases,
fractured the ice. The thermal stability of irradiated NH4SH was found to be greater than that of
unirradiated NH4SH, suggesting that an irradiated giant-planet cloud precipitate can exist at
temperatures and altitudes not previously considered.

Published by Elsevier Inc.
1. Introduction

1.1. Background

Theoretical models predict Jupiter’s clouds to be mainly NH3,
H2O, and NH4SH condensates (Weidenschilling and Lewis, 1973),
with NH4SH believed to come from a thermal reaction between
the NH3 and H2S that have been detected in the atmosphere
(Atreya et al., 1997). Ammonium hydrosulfide (NH4SH) is also
predicted to be an important cloud component of the other giant
planets (e.g., Atreya et al., 1999; Roman et al., 2013).

Adequate consideration of NH3, H2O, NH4SH, and their reaction
products as contributors to jovian clouds and aerosols and other
giant-planet atmospheres requires laboratory studies on these
compounds under relevant conditions. However, although ices
made of H2O, NH3, and mixtures of the two have been studied
extensively (e.g., Moore et al., 2007), far less work has been done
with NH4SH. The latter is not commercially available, being
unstable to dissociation into NH3 and H2S at 298 K. It usually is
synthesized through

NH3ðgÞ þH2SðgÞ ! NH4SHðsÞ ð1Þ
at low temperatures, but the two reactants are toxic, odiferous, and
somewhat detrimental to laboratory equipment, perhaps explain-
ing the lack of attention paid to NH4SH by experimentalists.

Vapor pressure measurements of NH4SH were first reported by
Isambert (1881), a melting point was published by Briner (1906),
and crystallographic studies were done by West (1934). The first
published infrared (IR) spectra of solid NH4SH were from Bragin
et al. (1977), who identified the strongest mid-IR absorptions as
being near 3000, 1830, 1400, and 470 cm�1 (� 3.3, 5.5, 7.1, and
21 lm) for the crystalline solid near 100 K. A different NH4SH ice
was reported to have broad IR absorptions, and subsequent work
by Ferraro et al. (1980) identified this solid as amorphous NH4SH,
with the amorphous-to-crystalline phase change being near
160 K. Nearly 30 years later the IR optical constants of NH4SH were
published by Howett et al. (2007). Work in other spectral regions is
limited to the electronic spectra of Lebofsky and Fegley (1976),
who reported that the ultraviolet–visible reflectance spectrum of
NH4SH is relatively featureless and flat, albeit with a slight rise
from 300 to 1000 nm (slight red slope).

Ices made only of pure NH3, H2S, and NH4SH lack strong absorp-
tions in the visible region and cannot be the source of jovian colors.
However, since Jupiter’s atmosphere is subject to energetic particle
bombardment and solar-UV photolysis, all cloud components will
undergo chemical changes with possible alterations of color, and

http://crossmark.crossref.org/dialog/?doi=10.1016/j.icarus.2015.06.015&domain=pdf
http://dx.doi.org/10.1016/j.icarus.2015.06.015
http://dx.doi.org/10.1016/j.icarus.2015.06.015
http://www.sciencedirect.com/science/journal/00191035
http://www.elsevier.com/locate/icarus


182 M.J. Loeffler et al. / Icarus 258 (2015) 181–191
such changes lend themselves to laboratory experiments. Indeed,
conference abstracts highlighting such work are available spanning
30 years (Bragin and Chang 1976; Huntress and Anicich, 1984;
Delitsky and Baines 2007), but detailed studies of solid NH4SH in
the refereed literature are surprisingly scarce, and one still encoun-
ters publications calling for new investigations into the chemistry
of NH4SH (e.g., de Pater et al., 2001; Howett et al., 2007) and the
NH3 + H2S system (Wong et al., 2015).

The most-relevant laboratory work on NH4SH chemistry is from
Lebofsky and Fegley (1976), who photolyzed ices made of NH3,
H2O, H2S, and NH4SH at 77 K with a filtered xenon lamp, whose
output at 220–300 nm served as an analog to the solar flux.
Reflectance spectra from 300 to 1000 nm of NH3 and H2O hardly
changed with photolysis, but a strong absorption was produced
near 600 nm for H2S and NH4SH ices and was assigned to sulfur
radicals. In addition, photolysis changed the nominally featureless
reflection spectra of H2S and NH4SH to spectra that sloped down-
ward from 700 to 300 nm, suggesting an absorber outside the
range of wavelengths studied. No temperature variations or kinetic
studies were reported.

In addition to the lack of relevant laboratory work, many of the
relevant observational spectra are derived from the Hubble Space
Telescope images that have a gap near the 600-nm absorption
(Strycker et al., 2011), making comparisons to laboratory spectra
even more difficult. At the least this all suggests that a much more
detailed study of NH4SH and its thermal, photochemical, and
radiation chemical stabilities is warranted, keeping in mind that
multiple components may be needed explain the color variations
observed in Jupiter’s atmosphere (Simon-Miller et al., 2001;
Strycker et al., 2011).
1.2. Our approach

This paper describes our recent laboratory work focused on
NH4SH, particularly its IR spectra and reaction chemistry. A novelty
of our approach is its use of radiation-chemical methods. Whitten
et al. (2008) suggested that jovian clouds will be altered more by
cosmic rays than solar photons since the latter will not penetrate
deeply into the atmosphere. Therefore, to initiate reactions in
NH4SH we use ionizing radiation in the form of �1 MeV protons
(p+), which are an analog to the low-energy, and more-abundant,
cosmic rays. To first order the products of UV-photochemistry
and radiation chemistry are the same (e.g., Hudson and Moore,
2001; Baratta et al., 2002), but our radiation-chemical approach
permits the use of thicker samples than in conventional photo-
chemistry, which in turn allows the detection of weaker IR
features.

Some topics of specific interest here are the possible persistence
of IR absorptions of NH4SH after proton bombardment, the temper-
ature dependence of any such spectral features, and whether
assignments can be made to IR absorptions of chemical products.
Here we present results on both of the reported phases of NH4SH
under vacuum from 10 to over 200 K. During the radiation exper-
iments, each sample was monitored with IR spectroscopy and mass
spectrometry to determine stability and chemical change as a func-
tion of temperature and radiation dose. The results of such mea-
surements can serve as an important link between the IR region,
which is sensitive to chemical composition and phase, and the
ultraviolet–visible observations of Jupiter.
Fig. 1. Reference spectra of (a) H2S and (b) NH3 ices deposited at 50 K compared to
spectra of a H2S + NH3 (1:1) mixture (c) deposited at 10 K and then (d)–(f) warmed
to 160 K at 2 K min�1. The spectra of the H2S and NH3 samples have been scaled by
0.25. The 141 K spectrum corresponds to amorphous NH4SH and that at 160 K to
crystalline NH4SH. Asterisks (⁄) indicate features from NH3. Spectra in this and other
figures have been offset for clarity.
2. Experimental

Much of the experimental approach is as described in Loeffler
et al. (2011), but a few points require additional comments.
2.1. Equipment and synthetic methods

Gases used (and purities) to prepare and study NH4SH were NH3

from Matheson (99.9992%), 15NH3 from Cambridge Isotopes
(98%+), and H2S from Matheson (99.5%). All reagents were used
as received. Indices of refraction (n) were needed to calculate
thicknesses of samples made from these reagents. For NH3, we
used n = 1.48 from Romanescu et al. (2010) and n = 1.49 for H2S
(liquid, Weast et al., 1984). Thicknesses of ice samples were
1.2 lm unless otherwise stated and were calculated from densities
of 0.81 g cm�3 for NH3 and 1.17 g cm�3 for H2S and an assumption
of uniform mixing.

Experiments were performed with a stainless steel
high-vacuum chamber (P < 1 � 10�7 Torr) interfaced with a cryo-
stat (Tmin � 10 K) and gas-handling system. Ammonium hydrosul-
fide (NH4SH) was synthesized in situ by co-deposition of H2S and
NH3 gases from two separate lines onto a pre-cooled (10–90 K)
substrate attached to the cryostat’s cold-finger. The deposition rate
of each gas was calibrated as in Loeffler et al. (2011) to ensure that
the initial composition of each ice was known. Although a 1:1
stoichiometric ratio applies for the reaction NH3(g) + H2S(g) ?
NH4SH(s), an initial ratio closer to 1.2:1 = NH3:H2S was found to
minimize the excess reactants for a mixture deposited at 50 K.
Substrates made of unpolished aluminum, gold-coated unpolished
aluminum, and gold-coated polished aluminum were used, with
only the last one being considered optically flat. The spectra of
Fig. 1 were recorded on the gold-coated polished aluminum sub-
strate, but all others shown were with a gold-coated unpolished
aluminum substrate. In general, the results in this paper were
independent of the substrate employed.

After deposition of the reactant gases, the resulting solid-phase
mixture was warmed to 120 K at 2 K min�1 to obtain amorphous
NH4SH and to 155 K to obtain a crystalline sample.
Crystallization of NH4SH began near 130 K, and sublimation into
the vacuum occurred in a few minutes at 170 K. These tempera-
tures were somewhat sensitive to the substrate’s cleanliness, so
after each radiation experiment the substrate was wiped with
CS2 to remove any sulfur residue that may have formed, followed
by wiping with acetone. Material, if any, released from ices during
irradiation was monitored with a Dycor DM300 mass spectrome-
ter, with a dwell time of 120 ms on each peak selected. Samples
prepared for irradiation were grown at 90 K to minimize the
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abundances of potential contaminants trapped in the ice during
gas-phase deposition of NH3 and H2S.

2.2. Irradiation techniques

Ices were irradiated with �1 MeV protons (p+) from a Van de
Graaff accelerator following the methods of Loeffler et al. (2011),
except that a different beam foil, separating the vacuum systems
of the cryostat and accelerator, was installed. New calibrations of
the resulting p+ energy at our substrates, using a Si detector placed
in the position of an ice sample, showed that the energy of
1.03 MeV protons was reduced on average to 0.924 MeV after pass-
ing through the foil, with a full width at half maximum of
0.034 MeV. These incident 0.9 MeV protons passed through our
NH4SH ice samples, which allowed measurement of the incident
dose (fluence in p+ cm�2) by integrating the current on the under-
lying metal substrate in real time and dividing by the area of the
ion beam on the sample (4.85 cm2). Using SRIM2010 (Ziegler,
2010), the energy loss for a 0.924 MeV p+ passing through
NH4SH was found to be 0.0285 MeV lm�1, assuming a density of
1.18 g cm�3 (West, 1934). Conversions to other units are as
follows: 1.00 � 1014 p+ cm�2 fluence = 2.05 eV molecule�1 =
3.87 MGy = 387 Mrad. Samples were biased at +35 V to minimize
the loss of secondary electrons. The proton beam current
typically was 100 nA, for an incident dose rate of about
1.3 � 1011 p+ cm�2 s�1 in NH4SH.

2.3. Analytical technique and data analysis

Infrared spectra of ices were measured as in Loeffler et al.
(2011) with a resolution of 2 cm�1 and using 120 scans per spec-
trum. Most spectra were acquired from 8000 to 500 cm�1, but
recently we have been able to extend this range down to near
350 cm�1, which is reflected in some of the spectra shown here.
For amorphous ices, whose absorption features did not change
shape significantly during irradiation, we measured the integrated
intensity A of each IR band of interest, with A defined by

A ¼
Z

Absð~vÞd~v ð2Þ

for an absorbance scale. Before measuring A, we subtracted a base-
line that best matched the continuum on each side of an IR feature,
which in most cases was a straight line. For crystalline NH4SH,
whose absorptions changed shape dramatically during irradiation
(broadening), we evaluated the sample’s crystallinity by studying
the peak-to-peak change in the first-derivative spectrum
(Chestnut, 1977). Finally, in each experiment we normalized band
areas (or peak heights) by dividing by the initial area (or height)
of the relevant IR feature of the unirradiated sample. This facilitated
comparison of results from experiments with ices of different
thicknesses.
3. Results

3.1. Synthesis and spectroscopy of NH4SH

Before presenting new results, it is important to verify our
agreement with previous work on the synthesis and spectra of
NH4SH. Traces (a) and (b) of Fig. 1 are the mid-IR spectra of H2S
and NH3, respectively, near 50 K. The spectrum of an amorphous
mixture of H2S + NH3 (55:45) that was condensed at 10 K is shown
in (c), while (d) is after warming to 61 K. Comparing (a) through (d)
it is clear that new IR features are present in the spectrum of the
two-component ice mixture that belong to neither H2S nor NH3.
These new features, present even at 10 K, agree with those found
in the only published spectrum of amorphous NH4SH (Ferraro
et al., 1980), indicating that some of our H2S and NH3 reacted on
deposition. Raising the deposition temperature increased the
amount of NH4SH initially formed. Warming ice mixtures made
below 90 K produced identical spectra of pure amorphous NH4SH
at 120–140 K, with the temperature range being a function of time,
deposition temperature, heating rate, and substrate. Traces (e) and
(f) of Fig. 1 show further spectral changes as the sample was
warmed, corresponding to the complete formation of (e) amor-
phous and (f) crystalline NH4SH. Crystallization began at 130–
150 K with the range being somewhat sensitive to the preparation
conditions. When heating our initial two-component mixture to
form amorphous and crystalline NH4SH, we typically would leave
the sample at the highest temperature until the IR spectra stopped
changing, which usually was less than about 20 min.

Of the NH4SH spectral features in Fig. 1, the strong peak near
1445 cm�1, assigned to a deformation vibration of NH4

+, is the most
important for this paper. Changes in the integrated intensity of this
IR band will be used to follow radiation-induced destruction of
NH4SH. Here we also remind the reader that NH4SH is an ionic
compound and so there are no molecules of NH4SH present in
our solids, only NH4

+ and HS� ions. See Fig. 1 of Bragin et al.
(1977) for an illustration of the unit cell of crystalline NH4SH based
on the work of West (1934).

Several observations argue for a high purity of our NH4SH ices.
First, each spectral feature of NH4SH was in its expected position in
both phases, and no features were evident for common laboratory
contaminants such as solid-phase H2O (3300, 1600 cm�1) and CO2

(2343 cm�1). In addition, IR peaks from the starting materials fell
nearly to the level of the spectral noise on heating the initial
H2S + NH3 mixture. For instance, in Fig. 1 we estimate that during
heating to the amorphous phase (e) the NH3 features drop by over
a factor of twenty and at least another factor of two on reaching the
crystalline phase (f). Considering that some of the starting material
has already reacted upon deposition, these observations suggest
that the amorphous sample is >95% pure, while the crystalline is
likely closer to 99%. In short, our spectra appear to be for the purest
NH4SH yet reported.

With so few spectroscopic papers related to NH4SH available,
only a few comparisons of our work with the literature are possi-
ble. The earliest IR work appears to be that of Bragin et al. (1977)
who showed a single spectrum at 98 K of the crystalline solid.
Aside from it having a few small extra absorptions at 1750–
1500 cm�1, and showing traces of trapped NH3, that spectrum
agrees with our Fig. 1(f). Ferraro et al. (1980) later published two
IR spectra of NH4SH, one for the amorphous solid at 89 K and
one for the crystalline ice at 160 K. Water–vapor features obscured
the 1700 cm�1 region at 160 K, and both spectra showed that the
ices contained residual NH3, but otherwise those two spectra
match what is shown in our Fig. 1. The only other IR study of
NH4SH seems to be that of Howett et al. (2007), who published
optical constants, but no spectra. We will return to their results
in our Discussion section.

3.2. Radiation-chemical destruction of NH4SH

In presenting our radiation-chemical results we begin with
crystalline NH4SH. Fig. 2 shows changes in the IR spectra of crys-
talline NH4SH caused by successive irradiations at 50 K with
0.9 MeV p+. The sharp absorption features in 2(a) decreased and
broadened with increasing dose, changes that we assign to the
radiation-induced amorphization of the sample. The crystalline
fraction (fC) of each NH4SH ice was followed by monitoring the
decrease in intensity of the compound’s small, but sharp, SH� band
at 2570 cm�1, which was reduced to almost zero during irradia-
tion. The top panel of Fig. 3 summarizes data from six experiments



Fig. 2. Infrared spectra of crystalline NH4SH after successive irradiations at 50 K.
The accumulated incident dose (fluence in 1015 p+ cm�2) is given to the right of
each spectrum, and asterisks (⁄) indicate features from NH3. The sample used for (a)
was made by depositing the reactant gases at 90 K, warming to 155 K to crystallize
the solid, and then cooling to 50 K for irradiation. Spectra are offset for clarity.

Fig. 3. Radiation-induced amorphization of crystalline NH4SH as a function of
temperature. The upper panel shows the loss of crystallinity for six temperatures,
with an insert showing the first-derivative of the SH� band measured. The lower
panel shows first-order kinetics plots for the amorphization at low doses.

Fig. 4. Infrared spectra of amorphous NH4SH after successive irradiations at 50 K.
The accumulated incident dose (fluence in 1015 p+ cm�2) is given to the right of
each spectrum. Asterisks (⁄) indicate features from NH3. The sample used for (a) was
made by depositing the reactant gases at 90 K, warming to 120 K to make
amorphous NH4SH, and then cooling to 50 K for irradiation. Spectra are offset for
clarity.
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and shows the fall of the SH� feature’s intensity, specifically the
peak-to-peak amplitude of its first-derivative spectrum shown in
the insert. The curves decrease substantially at high doses and
are subject to greater uncertainties there than in the early stages
of the irradiation. The relatively small amount of crystalline reac-
tants remaining at the end of each experiment (fC � 0) means that
reactions to recrystallize the NH4SH ice can be ignored initially.
Treating the early part of each decay curve with first-order kinetics
(exponential decay) gives the lower panel of Fig. 3, with each line’s
slope being the negative of the rate constant k for destruction of
crystalline NH4SH. Numerical values of k will be given in the
Discussion section.

Since spectral changes caused by irradiating crystalline NH4SH
could come from either amorphization or molecular destruction,
nearly all of the remaining results we present are for amorphous
ices. However, amorphous samples were not irradiated above
120 K because they would have begun to crystallize, complicating
the analysis of the results. Fig. 4 shows changes to the IR spectrum
of amorphous NH4SH caused by successive irradiations at 50 K
with 0.9 MeV p+. The loss of NH4SH is seen with increasing dose
(fluence, p+ cm�2) and NH3 production is indicated by the appear-
ance of that molecule’s absorptions at 3339 (m1, m3) and 1120 cm�1

(m2). The growth of weak bands below 700 cm�1, shown in detail
later, also was noted as were subtle changes at 2600–2400 cm�1

that could be from H2S formation. The close similarity of
Figs. 2(f) and 4(f) shows that the reaction products from the two
phases of irradiated NH4SH were the same, as expected.

Fig. 5 shows the decrease in band area, A, of our compound’s
strong 1445 cm�1 NH4

+ feature as a function of both temperature
and dose. Two distinct types of decay were observed, one for
75 K and below (lower panel), in which an equilibrium plateau
was reached, and the other type for 100 K and above (upper panel),
in which it was not. At 75 K and below, the decay was faster at the
lower temperatures and led to an equilibrium normalized abun-
dance, A/A0, of �0.5 at 10 K and �0.75 at 50–75 K. At 100 K, the
NH4

+ decay curve’s concavity resembles that seen at lower temper-
atures, indicating that the sample may be approaching equilibrium,
although the projected equilibrium band area is much smaller than
at the lower temperatures. Furthermore, it appears that at very low
p+ doses there is almost no decrease in band area. These differ-
ences for the 100 K irradiations were even more pronounced in
our 120 K experiments. The initial change in NH4

+ band area at
1445 cm�1 was small until �1 � 1014 p+ cm�2, or about 10% of
the total dose, was reached. After that, the decay data was fit rea-
sonably well with either a straight line or an exponential function
that approaches 0.



Fig. 5. Decrease in normalized band intensity, A/A0, of the 1445 cm�1 NH4
+

absorption during the irradiation of amorphous NH4SH.
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3.3. Radiation-chemical products from NH4SH

Although we are concerned with the radiolytic stability of
NH4SH ices, we also documented spectral changes of reaction
products. Our IR methods give information about solids by in-situ
analysis, but since many possible reaction products of NH4SH
absorb in the same region, from about 1000 to 400 cm�1 in this
case, it can be difficult to make unique assignments. Along these
lines, irradiated NH4SH produced not only NH3 but also new prod-
ucts with IR bands near 682, 566, and 491 cm�1, which we have
identified as most likely being due to NSx

�, S3
�� and Sx

2�/HSx
�

respectively (see Section 4.3). Fig. 6 shows the growth of these
three weak IR features in a 2.1 lm thick NH4SH sample irradiated
at 120 K. The four panels of Fig. 7 record the growth of these same
absorptions, and also one of NH3 (1120 cm�1), at multiple temper-
atures. The abundance of NH3 was greatest at the lowest tempera-
ture, perhaps because some of the synthesized NH3 sublimated
from the ice after it was produced at �100 K and above. The three
other sulfur product bands had the opposite behavior, being about
three to four times more abundant at the higher temperatures than
the lower ones. Furthermore, at the higher temperatures none of
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Fig. 6. From bottom to top, IR spectra of amorphous NH4SH at 120 K after the
radiation doses (fluences, 1015 p+ cm�2) given at the right. The initial thickness of
the NH4SH sample before irradiation was 2.1 lm. For comparison, a spectrum of
amorphous H2S irradiated at 75 K also is shown.
these three weak bands had reached equilibrium by the final
irradiation.

3.4. Post-irradiation heating

The upper panel of Fig. 8 shows IR spectra of an amorphous
NH4SH sample that was irradiated at 120 K to 1.2 � 1015 ions cm�2

and then warmed at 0.4 K min�1. Significant spectral changes were
first observed near 180 K when the NH4

+ feature near 1445 cm�1

began to sharpen slightly, perhaps suggesting the onset of crystal-
lization. However, the other main spectral bands hardly changed,
unlike what we observed with the unirradiated sample (Fig. 1).
Fig. 8. Upper panel: IR spectra recorded on warming amorphous NH4SH that had
been irradiated at 120 K to a fluence of 1.2 � 1015 p+ cm�2. Very weak features at
261 K are from an absorption on the KBr window of the sample chamber. Lower
panel: Changes in the normalized band area of the 1445 cm�1 NH4

+ absorption on
warming unirradiated and irradiated amorphous NH4SH samples at 0.4 K min�1.
The irradiation was to a fluence of 1.2 � 1015 p+ cm�2 at 120 K.



Fig. 9. Mass spectrometer signal for H2S+ (m/z = 34) during irradiation of amor-
phous NH4SH at 75 and 120 K. The small rises and falls in signal, seen most clearly
before about 5000 s, correspond to the proton beam being turned on and then
off so that an IR spectrum could be recorded. In the 120 K experiment, the y-axis
values (H2S+ signal) after about 5000 s have been multiplied by 0.2 to bring them
onto the scale of the figure. The flux throughout the experiment was about
1.3 � 1011 p+ cm�2 s�1. Traces have been vertically offset for clarity.
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For example, no sharpening of the broad SH� band near 2570 cm�1

was seen on warming irradiated NH4SH.
Monitoring the IR bands of the new products during warming

showed that each band had a different temperature dependence.
The absorption peak of the S3

�� radical (566 cm�1) dropped to the
noise level by �175 K and the peak assigned to NSx

� (682 cm�1)
did the same by 200 K. Infrared absorptions from NH3 began to
decrease near 180 K and were undetectable by 200 K. Other exper-
iments (e.g. Fig. 6), with our extended spectral range, showed that
the Sx

2�/HSx
� feature (491 cm�1) showed similar thermal behavior

as the NH4
+ features (e.g., near 2900, 1450 cm�1), persisting until

the entire sample began to sublimate.
The lower panel of Fig. 8 shows the change for the NH4

+ ion in a
more-quantitative manner. The normalized area, A/A0, of the
1445 cm�1 NH4

+ absorption was measured on warming unirradi-
ated amorphous NH4SH and then compared to the intensity
changes for the same IR band in a sample irradiated at 120 K. For
the unirradiated sample, the band area remained relatively con-
stant until near 140 K, where it dropped to 40% of its original value,
then stayed relatively constant until about 160 K, and then made a
final decrease toward the baseline (noise level), which it reached
by �170 K. The corresponding IR spectra showed that the initial
drop was from crystallization of the sample, and an accompanying
sharpening of the NH4

+ absorption, while the second decrease was
from rapid sublimation (decomposition) of NH4SH.

In contrast to these changes, Fig. 8 also shows that warming a
proton-irradiated NH4SH sample gave a small increase in the
NH4

+ feature’s intensity, perhaps from thermal annealing of the
sample or perhaps from recombination of radiolysis products to
again make NH4SH. No decrease in the NH4

+ band area was seen
near 140 K that would correspond to crystallization, which agrees
with the lack of sharp features in the IR spectra at higher temper-
atures. The only drop seen in the NH4

+ band’s area for irradiated
samples is likely due to the onset of sublimation, which began near
200 K and above which all absorptions decreased until the noise
level was reached at �250–260 K. Fig. 8 clearly shows that irradi-
ation of NH4SH raised the thermal stability of the solid sample by
DT � 70 K.

3.5. Gases released during irradiation

During irradiation of amorphous NH4SH at 100 K and above, we
observed large pressure spikes in the readings from the mass spec-
trometer and ionization gauge attached to our vacuum system.
These spikes appeared to have been from the explosive release of
material from the sample. In the most extreme cases these bursts
were sufficiently great that the filaments in both instruments
would shut off due to the large amount of material released. An
example of what we observed for m/z = 34, the H2S+ channel of
the mass spectrometer, is shown in Fig. 9 for a sample irradiated
at 120 K. The result from a 75-K irradiation, which displayed no
outbursts, is shown for comparison. The large spikes in the H2S+

signal were accompanied by outbursts in other channels that cor-
responded to the ions (m/z values) N+ (14), NH+ (15), NH3

+ (17), S+

(32), and HS+ (33), each an expected fragmentation product of
NH4SH, NH3, or H2S. Pressure spikes for H2

+ were observed but with
more difficulty as they were superimposed on a high steady flux
that increased with radiation dose. No spikes corresponding to
N2

+ were observed, and no outburst was expected, or seen, for
NH4SH+ as it decomposes in the gas phase. Visual inspection of a
thicker irradiated NH4SH sample after a pressure burst showed it
to be fractured or, in some of the more extreme cases, missing from
part of the underlying metal substrate, an observation made with
multiple NH4SH ices. No pressure outbursts were observed either
from unirradiated NH4SH, NH3, or H2S on warming, or from NH3

or H2S samples irradiated at 75 K. Experiments showed that the
outbursts were seen much more readily for irradiated amorphous
NH4SH than for irradiated crystalline NH4SH.

Although these pressure bursts and their importance are still
under investigation, we already can make several general observa-
tions about them. The peak intensity of the bursts varied among
our experiments, but the proton fluence (dose) at which the bursts
first appeared was always the same within roughly a factor of two.
Lowering the irradiation rate by a factor of three did not stop the
bursts from occurring. At low fluences, the mass spectrometer sig-
nals were similar in shape for 100 and 120 K irradiations, but the
120-K irradiation gave bursts roughly twice as intense as those
at 100 K. Although bursts were seen at temperatures as low as
100 K, at 100 K they began after a higher proton fluence. They also
were somewhat more sudden on a polished mirror substrate than
on an unpolished one. For the sample irradiated at 120 K, bursts
began after about 2 � 1014 ions cm�2 and reached a peak near
4 � 1014 ions cm�2; these same outbursts decreased in intensity
as the experiment progressed, but typically could still be seen
through the final irradiation.

3.6. Other experiments

Besides these experiments to study the chemistry and spec-
troscopy of NH4SH, we undertook a preliminary examination of
changes in sample thickness during an irradiation. It is well known
that a solid can experience erosion of its surface during radiolysis, a
process known as sputtering. Complicating this effect is that sam-
ple loss can also occur in our irradiated NH4SH from both sublima-
tion of material and from chemical reactions. Losses from
sublimation can be controlled, or at least accounted for, by a care-
ful choice of temperature while independent checks at low tem-
perature can reveal the extent of chemical loss. However, at
higher temperatures both effects are operative as is the removal
of material by sputtering, raising questions about the shapes and
underlying causes of decay curves such as those of Fig. 5. In short,
the curves of Fig. 5 clearly indicate sample loss, but by which
mechanisms?

The two panels of Fig. 10 are for an experiment different from
those already presented. It has long been known that the Beer’s
Law linear relationship between the sample thickness and the
absorbance of light fails for thin films (e.g., Maeda and Schatz,
1961; Fujiyama et al., 1970) and such failures can be especially
severe for spectra recorded by reflection off of metals (Pacansky



Fig. 10. The upper panel shows the area of the 1445-cm�1 band of NH4
+ as a function

of NH4SH thickness. The lower panel shows the change in the same band’s area
during irradiation of amorphous NH4SH samples initially having the thicknesses A
(1.2 lm) and B (2.1 lm) indicated in the upper panel.

Table 1
Radiation-induced amorphization of crystalline NH4SH.

T (K) k (cm2/p+)/10�15

160 7.6
140 7.7
120 7.8
100 9.6

50 11.2
10 12.6

Each entry for k is from a least-squares fit of the data to an exponential decay of the
form y = e�kF, where y is the fraction of crystalline NH4SH present after proton
fluence F (p+ cm�2) and k is the decay constant. See Fig. 3 and the text for additional
information.
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and England, 1986; Teolis et al., 2007). The upper panel of Fig. 10
illustrates this, the data being measurements of the integrated
absorbance A of the NH4

+ ion’s absorption at 1445 cm�1

(k = 6.920 lm) for different thicknesses of amorphous NH4SH.
Clearly there are thicknesses above �1.2 lm where a decrease in
the ice’s thickness, such as due to radiation-induced loss of mate-
rial, could produce an increase in a spectral absorbance. To investi-
gate whether such an effect might be seen with our irradiated ices,
and influence our measurements, we prepared two NH4SH samples
of different thicknesses and irradiated them. The lower panel of
Fig. 10 shows the absorbance changes produced by irradiating
these ices having thicknesses of �1.2 lm (A) and �2.1 lm (B);
we will return to these results in Section 4.5.

4. Discussion

4.1. Spectroscopy of NH4SH ices

The IR spectra of our unirradiated amorphous and crystalline
NH4SH (Fig. 1) are in qualitative agreement with the three pub-
lished spectra, one for the amorphous solid and two for the crys-
talline, but a more quantitative comparison is desirable.
Unfortunately, the IR spectrum of Bragin et al. (1977) has a vertical
axis with a numerical scale, but no ice thicknesses were provided,
while the spectra of Ferraro et al. (1980) are accompanied with ice
thicknesses, but no vertical scales with numbers. Therefore, quan-
titative comparisons of our NH4SH spectra with these earlier ones
are impossible.

Another approach to a literature comparison is to use the work
of Howett et al. (2007) who published optical constants for NH4SH.
However, no IR spectra were shown and few details were given
about the authors’ method to convert optical constants to spectra.
We used two different methods (Hudson et al., 2014) to compute
NH4SH spectra from the constants of Howett et al. (2007), but
the relative band intensities given by our calculations did not agree
with either our own spectra in Fig. 1 or with the spectra published
by others (Bragin et al., 1977; Ferraro et al., 1980). We are investi-
gating these discrepancies.

4.2. Amorphization of crystalline NH4SH

One new finding in this paper is the structural change produced
by ion irradiation of crystalline NH4SH, a presumed cloud compo-
nent of the gas-giant planets. It is clear from Fig. 2 that irradiation
destroys the sharp absorption features indicative of a crystalline
material, leaving behind a solid that has little structural order.
However, we point out that the composition of the sample has also
been altered by irradiation, as the solid is now composed of new
radiation products, as well as the original material, and most clo-
sely resembles the spectrum of the irradiated amorphous NH4SH.
Thus the values given for the amorphization rate constants (k)
for the six temperatures of Fig. 3 (Table 1) inevitably are a combi-
nation of structural and chemical destruction of the ice sample. The
contribution from the chemical destruction, which is clearly
important at all temperatures studied here, is likely why the k
value does not change significantly with temperature. For compar-
ison, the k value for the more chemically stable H2O–ice drops by
�100 on going from 36 to 77 K (Moore and Hudson, 1992;
Strazzulla et al., 1992).

4.3. Radiation products

The three labeled peaks from irradiated NH4SH shown in Fig. 6
are in an IR region of SS stretching and SSS bending vibrations,
making us confident that we have observed the radiation synthesis
of polysulfur species. The observation that each peak has different
temperature dependence argues strongly for the formation of at
least three sulfur-containing reaction products in irradiated
NH4SH. The �70 K rise in stability for NH4

+, illustrated in Fig. 8, is
consistent with the three features being more-complex species
than HS�.

While irradiation of pure NH3 ices yielded no new IR features in
the region of our new product bands, irradiation of pure H2S did
give an IR peak at 491 cm�1 (Fig. 6). Irradiation of H2S is known
to produce H2Sx molecules, which have strong S–S stretches in
the 500–400 cm�1 region (Wieser et al., 1969). In our irradiated
NH4SH, the NH3 formed will convert these hydrosulfides to HSx

�

or Sx
2� with similar IR positions (Janz et al., 1976; Steudel, 2003).

An assignment of our 491-cm�1 feature to one or more of these
ions is favored. The least thermally stable of the three product
peaks in Fig. 6 was the one at 566 cm�1. Its position is reasonably
close to that of the relatively unstable anion radical S3

��, which is
known to form in reactions of sulfur in liquid NH3 (Dubois et al.,
1988), and both sulfur and NH3 are expected in irradiated
NH4SH. Sulfur reacting in condensed NH3 also forms NS4

� and
NS3
� with a strong IR band near 700 cm�1 (Dubois et al., 1987)

and a 15N isotopic shift of 14 cm�1 (Chivers et al., 1980), the same
as in our 15NH4SH work, which is shown in Fig. 6 for comparison.
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Thus, we assign our 682-cm�1 band to an ion, or ions, of the form
NSx

�.

4.4. Radiation chemistry of NH4SH

We are unaware of any previous radiation-chemical studies of
NH4SH, and the only photochemical study appears to be that of
Lebofsky and Fegley (1976), whose experiments were at a single
temperature and used electronic spectroscopy. Lacking prior work
with which to understand NH4SH radiation chemistry, we instead
consider ion irradiations of related compounds for insight.

As already stated, ammonium hydrosulfide is not made of
NH4SH molecules, but rather of ammonium (NH4

+) and bisufide
(SH�) ions. It is with these ions that the initial radiation-driven
changes in NH4SH will take place. Changes expected for NH4

+ can
be predicted from the radiation chemistry of the isoelectronic
methane (CH4) molecule. Exposure of solid CH4 to ionizing radia-
tion, such as our p+ beam, produces tracks of ionizations and exci-
tations through the sample from the thousands of secondary
electrons generated by the incident radiation. Two expected reac-
tions are

CH4 ! CH�4 ! CH3 þH ð3Þ
CH4 ! CH�4 ! CHþ4 þ e� ð4Þ

giving both charged and neutral radicals. For NH4
+ these same types

of reactions will produce (NH4
+)* which will dissociate as with (3) to

give NH3
+, the nitrogen counterpart of the CH3 radical, and a hydro-

gen atom. Although CH3 is one of the more-reactive organic radi-
cals, NH3

+ is expected to be retained in our ices even up to 170 K
(Cole, 1961; Hyde and Freeman, 1961). Reaction (4) suggests that
NH4

2+ also will form in proton-irradiated NH4SH. However, unlike
the case of irradiated CH4, solid NH4SH includes a strong base,
SH�, and so rapid efficient proton-transfer is expected to reform
one of our starting materials.

NH2þ
4 þ SH� ! NHþ3 þH2S ð5Þ

An alternative to (5) will be geminate recombination of NH4
2+ and e�

to reform excited ammonium (a strong acid), with protonation of
the strong base SH� following to again give H2S. Subsequent combi-
nation of NH3

+ and e� will regenerate the other starting material,
NH3. An alternative two-center sequence to these reactions is that
excitation of an adjacent ion pair will produce NH3 and H2S without
radical intermediates:

½NHþ4 � � � SH�	 ! ½NHþ4 � � � SH�	� ! ½NH3 � � �H2S	 ! NH3 þH2S ð6Þ

A similar set of reactions involving ionization and excitation
will occur with SH� to give S atoms and sulfur-containing
molecules, ions, and radicals. Such reactions include the formation
of atomic sulfur, by H2S dissociation, followed by a chain-
lengthening process such as:

Sþ SH� ! HS�2 or Sþ SH� ! Hþ þ S2�
2 ð7Þ

The 491 cm�1 band identified in our spectra has been attributed to
both sulfur products given in (7). Either of the anions formed in (7)
could also form the S3

�� radical we observe at 566 cm�1 through a
reaction such as:

SHþHS�2 ! S��3 þH2 ð8Þ

In addition to ionization of bisulfide, the radical reactant in (8) is the
main product formed in low-temperature photolysis of H2S (Stiles
et al., 1966). Multiple studies have also shown that the S3

�� radical
was observed when sulfur is dissolved in liquid NH3 (Chivers and
Lau 1982; Dubois et al., 1987). These same studies also showed
the formation of NSx

�, which we observe at 682 cm�1 and one
(Dubois et al., 1987) suggested that this anion could form through
the reaction:

10Sþ 3NH3 ! S4N� þ 2S��3 þ 3NHþ4 ð9Þ

where S3
�� is in equibrium with S6

2�. The S6
2� can form in the same

manner as described in (7) and can also contribute to the absorption
we observed at 491 cm�1.

Besides the reactions described above, the NH3 produced on
irradiation of NH4SH will be subject to secondary reactions to dis-
sociate it into NH2, NH, and N. Although dimerization of NH2 rad-
icals probably occurs to some degree to make N2H4, this molecule
is difficult to observe in situ in our ices due to strong overlapping IR
features.

Unfortunately, although these reactions and explanations can
be given with reasonable confidence, they lack specificity. Little
is known of the relevant reaction energetics or rates, and so it is
difficult to specify the dominant mechanistic pathways. More work
is needed, and so we currently are carrying out similar radiation
studies in the UV and visible regions, where many of these ions
have absorption bands.

4.5. Kinetics of radiolytic destruction of amorphous NH4SH

An important goal of our work is to determine the stability of
solid NH4SH on exposure to ionizing radiation, information needed
to assess this compound’s stability and chemistry in jovian clouds.
Fig. 5 shows kinetics plots for the radiation-induced destruction of
NH4SH at five temperatures, with the most striking aspect of this
figure being the differences in the shapes of the curves in the upper
and lower panels. This variation implies that different reactions or
reaction rates apply to the two different temperature regimes. That
the data in the 10–75 K curves reach equilibrium values suggesting
that the kinetics are dominated by reversible reactions with at
least one temperature-dependent rate constant. The increase in
the final value of the normalized band area A/A0 on going from
10 to 75 K means that more reactant is present at equilibrium as
the reaction temperature rises, suggesting a back reaction that is
increasingly efficient. The higher-temperature data, in the upper
panel, display a shift from dominance by an equilibrium process
to reactions that go to completion, meaning destruction of all
NH4SH initially present. See Espenson (1981) for a description of
similar trends in reaction kinetics, especially his Fig. 3-1.

For a more-quantitative analysis of the results in Fig. 5, we
adopted a phenomenological approach to write

NH4SH�products ð10Þ

with both the forward (destruction) and reverse (reformation) reac-
tions as first order and with rate constants k1 and k–1, respectively.
The corresponding rate expression for the change in [NH4SH], the
concentration of NH4SH, is

�d½NH4SH	
dt

¼ k1½NH4SH	 � k�1½products	 ð11Þ

which can be solved in the standard manner to give

A
A0
¼ 1�A1A0

� �
e�ðk1þk�1ÞF þA1A0

ð12Þ

where A is the integrated absorbance of the IR band used to follow
the reaction, 0 and 1 designate the initial and equilibrium (i.e.,
time ?1) concentrations of NH4SH, respectively, and proton flu-
ence (F, p+ cm�2) is used instead of irradiation time as the two
are proportional. The first and last terms in (12) are the normalized
band areas, A/A0, that we measured.

Eq. (12) has the form y = a e–bx + c, where a, b, and c are constants.
Table 2 lists values of these constants found by least-squares curve
fits to data from NH4SH irradiations at the five temperatures of
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Fig. 5. In the 120 K experiments our initial analysis produced c < 0,
and so in that case we fitted our destruction curve using c = 0. The
values of b = (k1 + k–1) are on the order of 10�15 cm2/p+ and can be
seen to change by about an order of magnitude between 10 and
120 K. Closer examination shows that b does not vary linearly with
temperature but appears to be relatively constant at lower (675 K)
and higher (P100 K) temperatures, reflecting the differences in
the decay curves of Fig. 5. Table 2 also shows that c, which is the frac-
tion of NH4

+ remaining after the sample reached equilibrium,
increased slightly with temperature on going from 10 to 75 K, but
never attained a uniform, fixed value at the higher temperatures.
Turning to the earliest doses, Table 2 also shows that after an irradi-
ation of 1 � 1014 p+ cm�2, the NH4SH ice was most stable at 120 K,
with only 2% being destroyed, with slightly larger destruction at
lower temperatures. This trend suggests a somewhat greater effi-
ciency for NH4SH reformation at higher temperatures and low doses.

An extension of this kinetics analysis would include the forma-
tion of secondary radiation products so that Eq. (10) becomes

NH4SH�products! secondary products ð13Þ

where the rate constant(s) for forming all such secondary products
serves to remove the initially-formed species, such as NH3 and H2S,
forcing (13) to the right and complete destruction of all NH4SH, as
observed with increasing temperature (see Fig. 5). Although we
have not carried out such an analysis we have two strong support-
ing pieces of evidence for suspecting the non-reversible reaction in
(13), evidence represented by our Figs. 9 and 10. Fig. 9 clearly shows
that at 120 K, but not 75 K, a process is at work to remove material
from the NH4SH sample. The bursts observed for H2S+, NH3

+, and
other ion channels may simply be due to the formation of product
molecules, such as H2S and NH3, in the irradiated sample followed
by their catastrophic release at the higher temperatures. Bursts of
temperature, pressure, and materials during irradiation or other
energetic processing have been reported for N2 (Fontana, 1959),
H2O–ice (Shabalin et al., 2003), and CH4 (Carpenter, 1987), and also
on warming ices that were either photolyzed or irradiated (e.g.,
Moore et al., 1983; Loeffler and Baragiola, 2012). More work is
needed to investigate the bursts we observed (Fig. 9) and to evalu-
ate their relevance for NH4SH and jovian chemistry.

Fig. 10 also offers support for the irreversible step in reaction
(13) by showing not just that NH4SH is lost from our irradiated
sample at 120 K, but rather that the ice’s thickness also is
decreased on prolonged irradiation. Our 2.1-lm sample (B) was
selected so that if a thickness decrease occurred during irradiation
then there would be an increase in the normalized band area, A/A0,
while with the 1.2-lm sample (A) the opposite would occur. The
bottom of Fig. 10 shows that this is exactly what was observed.
At low doses the two curves are similar, but at higher ones, when
our mass spectrometer indicated that outbursts began (Fig. 9), the
two curves diverged. The absorbance for the thicker sample (B)
Table 2
Radiolytic destruction of amorphous NH4SH.

T (K) Amorphous NH4SH abundancea Fraction left after
1 � 1014 p+ cm�2

120 1.00 exp(�0.55 � 10�15 F) + 0.00b 0.98
100 0.64 exp(�0.76 � 10�15 F) + 0.36 0.96

75 0.26 exp(�2.83 � 10�15 F) + 0.74 0.93
50 0.315 exp(�4.05 � 10�15 F) + 0.685 0.89
10 0.44 exp(�4.19 � 10�15 F) + 0.56 0.84

a Each entry in the second column is from a least-squares fit of the data to an
equation of the form y = a e–bF + c, where y is the fraction of NH4SH present after
proton fluence F (p+ cm�2), and a, b, and c are constants. See the text for additional
information.

b Parameter c was set to 0 in this case. Again, see the text for additional
information.
appeared to reach equilibrium and then increased, while the absor-
bance of the thinner sample (A) continued to fall. In other words,
the initial decreases for both samples are from a combination of
NH4SH destruction and a decrease in the ice’s thickness.
However, in the case of B the integrated absorbance (upper panel)
undergoes a somewhat counter-intuitive rise. The overall conclu-
sion is that NH4SH irradiated at higher temperatures (>�100 K)
experienced greater loss of material than when irradiated at lower
temperatures.

4.6. Giant-planet considerations

Theoretical models have long predicted the existence of NH4SH
cloud layers for Jupiter and the other giant planets (Lewis and
Prinn, 1970; Weidenschilling and Lewis, 1973; Atreya et al.,
1999) and these predictions have received support from spacecraft
observations (e.g., Roman et al., 2013). A long-term goal of our
laboratory work is to use IR spectroscopy and radiation chemistry
to investigate NH4SH as a jovian cloud and colored aerosol
component.

Our experiments predict that a pristine NH4SH cloud layer near
200 K will contain crystalline NH4SH since we have observed the
amorphous phase of this solid crystallizes quickly above 140 K.
However, radiolysis will destroy the crystalline structure of the
pristine NH4SH creating an amorphous mixture of H2S, NH3, and
probably polysulfides, sulfur anions and ions with N–S bonds.
The relative amounts of long-chain sulfur-containing species will
likely increase with time in a dynamic situation with cloud ices
in a state of sublimation and recondensation. Since some of the
expected radiation products are more refractory than NH3, H2S,
and NH4SH ices, clouds with such material could be found deep
in an atmosphere where temperatures are above those necessary
for frozen H2O, H2S, NH3, or NH4SH to exist. These findings may
help to explain some of the discrepancies between measurements
(Ragent et al., 1996) and models of giant-planet clouds (Atreya
et al., 1997).

An important obstacle in applying our radiation work to
gas-giant atmospheres is the lack of information on both radiation
sources and doses. Sagan and Khare (1971) pointed out, as did
Lewis and Prinn (1970), that breaks in clouds might permit
solar-UV photolysis of the deeper NH4SH regions of Jupiter, but
few details were given. Scattergood et al. (1974) studied the bom-
bardment of atmospheric gases by high-energy protons produced
by discharges from radiation belts, but again with few details pro-
vided. Others have simply and correctly noted that galactic cosmic
rays will deliver energy deeper into Jupiter’s atmosphere than will
solar UV photons (Capone et al., 1979). McDonald et al. (1992)
emphasized the importance of auroral processes and
electron-induced chemistry, but with a focus on Jupiter’s
stratosphere, not the region of NH4SH clouds. Whitten et al.
(2008), among others, calculated ionization rates of various
jovian-atmospheric molecules by galactic cosmic rays, but all such
work appears to have been for the gas phase and not atmospheric
solids, ices, or aerosols. More recently, Rimmer et al. (2014) consid-
ered the influence of cosmic radiation on gas-giant atmospheres,
but the pressures of interest were orders of magnitude too small
for the NH4SH clouds of interest in the present paper. In short, con-
siderable uncertainty remains surrounding radiation doses and
dose rates for solid cloud particles. Firmer observations and calcu-
lations are needed.

Given the situation just described, we can offer only a very
rough estimate for the incident dose rate to a jovian NH4SH
cloud. We adopt the atmospheric cosmic-ray energy flux of
9 � 10�3 ergs cm�2 s�1 of Sagan and Thompson (1984), which
converts to about 6000 MeV cm�2 s�1. Our laboratory flux for
0.9 MeV protons is about 1.2 � 1011 MeV cm�2 s�1 so that 30 min
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(fluence � 2 � 1014 p+ cm�2) of irradiation in our experiments is
roughly 1000 years on Jupiter. Additional insight from observa-
tions or theory will be needed to remove numerous uncertainties
in this estimate.

Bragin et al. (1977) recognized long ago that the likelihood of
resolving mid-IR features of solid NH4SH in spectra of giant planets
is small since the strongest bands are in a region of low solar flux
and low thermal emission. However, any such detection could pro-
vide information on the local environment of NH4SH and support
the argument that this compound plays a role in giant-planet col-
ors and chemistry.
5. Conclusions

Here we have used infrared spectroscopy to characterize amor-
phous and crystalline NH4SH ices. Our results generally agree with
the few published spectra available, although quantitative compar-
isons continue. We also used IR spectroscopy to study the destruc-
tion of these samples initiated by 0.9 MeV protons at 10–160 K,
observing the formation of NH3 and products containing nitrogen
and sulfur. Crystalline NH4SH is amorphized by radiation at all
temperatures examined, and the amorphization rates have been
documented. For amorphous NH4SH, and consequently the crys-
talline solid, we estimate that the NH4

+ solid’s initial abundance will
drop to about 60% of its original value when irradiated at 10 K and
about 80% for a 75-K irradiation. This suggests that with even
longer irradiation times (greater doses) and higher temperatures
that NH4

+ and its radiation products should be relatively stable in
giant-planet atmospheres. For higher irradiation temperatures,
pressure outbursts were observed during irradiation of NH4SH
and likely were due to a build-up and sudden release of radiolytic
products in the sample.

Heating irradiated NH4SH samples showed that their thermal
stability is greater than that of unirradiated NH4SH. This implies
that an irradiated giant-planet cloud precipitate containing
NH4SH and these new radiation products can exist at temperatures
and altitudes not previously considered. Future laboratory studies
will focus on connecting IR results to those obtained from ultravi-
olet and visible reflectance spectroscopy, which will be more
directly comparable to remote-sensing observations of cloud fea-
tures in the jovian atmosphere.
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