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ABSTRACT

Cross sections for photoabsorption of NH;, NH,D, NHD,, and NDj in the spectral region 140—-220 nm were de-
termined at ~298 K using synchrotron radiation. Absorption spectra of NH,D and NHD, were deduced from spec-
tra of mixtures of NH3 and NDj3, of which the equilibrium concentrations for all four isotopologues obey statistical
distributions. Cross sections of NH,D, NHD,, and NDj; are new. Oscillator strengths, an integration of absorption
cross sections over the spectral lines, for both 4 < X and B < X systems of NH; agree satisfactorily with previous
reports; values for NH,D, NHD,, and ND; agree with quantum chemical predictions. The photolysis of NH; provides
a major source of reactive hydrogen in the lower stratosphere and upper troposphere of giant planets such as Jupiter.
Incorporating the measured photoabsorption cross sections of NH; and NH,D into the Caltech/JPL photochemical
diffusive model for the atmosphere of Jupiter, we find that the photolysis efficiency of NH,D is lower than that of NH3
by as much as 30%. The D/H ratio in NH,D/NHj for tracing the microphysics in the troposphere of Jupiter is also

discussed.

Subject headings: astrochemistry — methods: laboratory — molecular data

1. INTRODUCTION

Ammonia, NHj3, has been observed in the atmospheres of Earth,
Jupiter, and Saturn (Dick & Ziko 1973; Yung & DeMore 1999).
The cross sections for photoabsorption of NH; in the region
140-220 nm have been measured by several groups (Okabe 1978;
Suto & Lee 1983; Chen et al. 1999), but those of NH,D, NHD,,
and NDj are unreported. These measurements are important for
modeling effects of photoinduced fractionation in various deu-
terated isotopologues of NHj in planetary atmospheres (Cheng
et al. 1999; Miller & Yung 2000; Lee et al. 2001).

The A «+ X transition of NH; exhibits a discrete progression
of features built upon an intense continuum (Okabe 1978; Suto
& Lee 1983; Chen et al. 1999; Burton et al. 1993). Line widths
for bands associated with levels v} > 2 are large (Douglas 1963;
Ziegler 1985; Nakajima et al. 1991) because the 4 state is essen-
tially repulsive above these levels due to nonadiabatic interac-
tions with the X state (Rosmus et al. 1987; McCarthy et al. 1987;
Biesner et al. 1989; Li & Vidal 1994). The lifetime for the v, = 2
level of NHj3 in the A4 state is in a range of 70—140 fs (Ziegler
1987; Chung & Ziegler 1988), and lifetimes of higher levels are
even smaller. In contrast, bands of the B «— X transition at low
energy exhibit distinct rotational structures (Li & Vidal 1994;
Ashfold et al. 1987, 1988); the lifetimes of the B (v, = 0-6) state
are ~6.1 ps for NH; and ~250 ps for NDs, independent of the
rotational level (Ashfold et al. 1988).

The oscillator strength for the 4 < X transition (165-220 nm)
of NHj is calculated to be 0.088 (Runau et al. 1977; Chantranupong
etal. 1991), in agreement with experimental measurements ( Burton
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et al. 1993; Watanabe 1954). In contrast, the predicted oscillator
strength of 0.002 for the B < X transition in the region 143—
170 nm (Runau et al. 1977; Chantranupong et al. 1991) is about
one-tenth the experimental value (Burton et al. 1993). To resolve
this discrepancy, further theoretical and experimental investiga-
tions are required. A complete set of measurements for all four
deuterated NH; isotopologues will, moreover, provide valuable
information for verifying the accuracy of theoretical potential en-
ergy surfaces (PESs) of these electronically excited states and to
assess the effects of isotopic fractionation in planetary atmospheres.

We have carefully determined absorption cross sections in the
spectral region 140-220 nm for NH3 and its deuterated variants.
High-level calculations on the 4 and B states of these species were
also performed to assist our understanding of experimental results.
The photoinduced isotopic fractionation of NH,D in the atmo-
sphere of Jupiter is discussed.

2. EXPERIMENT

The experimental setup has been described previously (Cheng
etal. 1999, 2002). In brief, vacuum ultraviolet (VUV) light pro-
duced in the National Synchrotron Radiation Research Center in
Taiwan was dispersed with a high-flux cylindrical-grating mono-
chromator of focal length 6 m. With a grating of 600 grooves mm ™!
and a slit width of 0.050 mm, a resolution of 0.02 nm was achieved.
The wavelengths were calibrated with absorption lines of Xe
(Yoshino & Freeman 1985), CO (Tilford et al. 1965; Simmons
et al. 1969), O, (Yoshino et al. 1984; Smith et al. 2004), and NO
(Lagerqvist & Miescher 1958; Engleman et al. 1970; Murray
etal. 1994; Yoshino et al. 1998). The accuracy in measurements
of wavelength is limited by the scan step, typically 0.02 nm.

The absorption cross sections were measured with a double-
beam apparatus. The VUV light was converted to visible light
with sodium salicylate coated on a glass window before detec-
tion with a photomultiplier tube in a photon-counting mode. The
absorption cross section, o, was determined according to the equa-
tion In (/,/I) = noL + «, in which I, and [ are intensities of re-
flected and transmitted light, respectively, # is the gas density,
and L = 8.9 cm is the length of the gas cell. The constant « was
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determined at n = 0, when the gas cell was evacuated below
107 torr; the absorbance 4 is equal to noL. At each wavelength,
the o value was obtained from a linear least-squares fit of 411
measurements at varied gas pressures. To avoid saturation effects,
the maximum absorbance was limited to 0.4 for the 140-165 nm
region and 1.4 for the 165-220 nm region.

A reservoir of volume about 600 cm?3 was connected to the
gas cell so as to maintain a constant gas pressure during data
acquisition. The gas densities were determined from pressures
measured with four pressure meters (MKS Baratron) covering
the range 0.003—1000 torr. The temperature was monitored with
a thermocouple.

NH; (99.99%, Matheson) and ND3 (99% isotopic purity,
Cambridge Isotope Laboratories) were further purified with a
freeze-pump-thaw procedure at 77 K followed by vacuum distil-
lation from 206 to 77 K. NH,D and NHD, were obtained from
mixtures of NH; and ND3. The compositions of NH;, NH,D,
NHD,, and NDj are consistent with a statistical distribution, apart
from large experimental uncertainties (Reid et al. 2000; Akagi et al.
2004). We measured infrared absorption spectra of NH;, NDs, and
two mixtures of NH; and NDs with initial ratios [NH3]/[ND;] =
2/1 and 5/7 to determine the concentration of each isotopologue
in the mixture; the partition of isotopologues obeys a statisti-
cal distribution within experimental uncertainties. For these two
mixtures, the final distributions are [ NH;]:[NH,D]:[NHD,]:
[ND3] =0.2963:0.4444:0.2222:0.0370 and 0.0723:0.3038:
0.4253:0.1985, respectively. At room temperature and under
high pressure, a few days are required for the mixture to reach
the statistical equilibrium.

3. THEORETICAL CALCULATIONS

The geometries of NH; in the electronic ground and ex-
cited states were optimized using the complete active-space self-
consistent field (CASSCF) method (Werner & Knowles 1985;
Knowles & Werner 1985) and 6-311++G(d,p) basis set with the
active space including all eight valence electrons distributed on
13 orbitals. The active orbitals are all valence orbitals and Rydberg
3s, 3py, 3p,, 3p-, as well as two 3d orbitals with lowest energy.
Vibrational wavenumbers were computed for isotopologues NH3,
NH,D, NHD,, and NDj; at the CASSCF(8,13)/6-311++G(d, p)
level. Vertical and adiabatic excitation energies were refined em-
ploying the internally contracted multireference configuration-
interaction (MRCI) method ( Werner & Knowles 1988; Knowles
& Werner 1988) with the (8,13) active space including single and
double excitations and Davidson’s correction for quadruple exci-
tation with Dunning’s correlation-consistent cc-pVTZ basis set,
denoted MRCI+Q(8,13)/cc-pVTZ. Zero-point energy (ZPE) correc-
tions were included in adiabatic excitation energies using unscaled
vibrational wavenumbers from the CASSCF(8,13)/6-311++G(d,p)
calculations. Oscillator strengths were computed using transition
dipole moments obtained with CASSCF(8,13)/6-311++G(d,p)
and vertical excitation energies were calculated at the MRCI+
Q(8,13)/cc-pVTZ level. All calculations were performed with
MOLPROS and DALTON’ program packages.

The geometric parameters, NH = 1.015 A and Z HNH = 107°5,
optimized with CASSCF(8,13)/6-311++G(d,p) for the electronic
ground state X '4; agree with the experimental values of 1.012 A
and 106°0, respectively. The first excited state of NH;, 2 '4;, has
an — 3s (a;) character. The vertical excitation energy and oscil-

© Molecular electronic structure program, release 1.2, written by Helgaker
et al. (2001).

7 Package of ab initio programs written by Werner et al. (2004), University
College Cardiff Consultants, Ltd.
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Fi. 1.— Absorption cross sections (in units of Mb, 1 Mb = 10~'8 cm?) of
NHj3;, NH,D, NHD,, and NDj in the spectral region 165-220 nm.

lator strength are calculated to be 5.85 eV and 0.0608, respec-
tively. The geometry of this state was optimized with symmetry
constrained to C, with respect to the mirror plane containing one
N—H bond. Within C, symmetry, this state corresponds to 2 '4’,
but upon optimization the geometry converges to a planar D3
symmetric structure with N—H bond length of 1.046 A. The elec-
tronic terms for the A state within point groups D3;, and C,, are
1 14% and 1 'By, respectively.

The second excited state, 1 'E, exhibits an — 3p(e) character;
the calculated vertical excitation energy and oscillator strength
are 8.17 eV and 0.0088, respectively. Within C; symmetry, the
1 'E state splits into two components, 1 '4” and 3 '4’. Geome-
try optimization on the 1 '4” surface gives a planar local minimum
of C,, symmetry with one shorter (N—H(;) = 1.021 A) and two
longer (N—H() = 1.035 A) bonds and angles of LHn)NHp) =
118%5 and ZH(;)NH», = 12370 this structure is a true local mini-
mum. In contrast, the 3 '4” state optimizes to a (N—H() = 1.040 A)
and two shorter (N—Hp) = 1.026 A) bonds and ZH(;)NH ) =
121°%, LH;)NH;) = 11629. When symmetry was relaxed, no
local minimum was found, and the molecule dissociated upon
optimization.

4. RESULTS AND DISCUSSION

4.1. Absorption Cross Sections

The absorption cross sections of NH;, NH,D, NHD,, and ND;
are shown in Figures 1 and 2 for spectral regions 165-220 and
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Fic. 2.— Absorption cross sections (in units of Mb, 1 Mb = 10~'® ¢cm?) of
NHj3;, NH,D, NHD,, and NDj in the spectral region 140—170 nm.

140-170 nm, respectively. Considering all possible systematic
errors, experimental uncertainties of cross sections are estimated
to be within 10% of our reported values for NH; and NDj, and
16% for NH,D and NHD,. The wavelengths and cross sections
at absorption maxima are listed in Tables 1 and 2 for 4 <+ X and
B « X transitions, respectively.® The band assignments of NH;
and NDj are indicated according to reported high-resolution spec-
tra (Douglas 1963; Walsh & Warsop 1961; Douglas & Hollas
1961). Features of NH,D and NHD, were not assigned previ-
ously, but we indicate the vibrational numbering in the figures
in accordance with assignments of NH; and NDs. As shown in
Figure 1, the bands for the 4 «+— X transition become narrower
and absorption maxima increase as the number of D atoms in-
creases. In contrast, the widths of bands in the B «+— X transition
do not alter significantly, but the absorption maxima decrease
with the extent of deuteration (as shown in Fig. 2).

The maxima for absorption cross sections of the 4 «— X sys-
tem of NHj are in general greater than those of Suto & Lee (1983)
by ~10%, but about the same as those of Watanabe (1954). Re-
sults for the B «— X system of NHj are about twice those of Suto
& Lee (1983) and about 1.3 times those of Watanabe (1954). The
deviations in the B < X system are due mainly to the varied spec-
tral resolution employed. As in our work we employed a spectral
resolution of 0.02 nm, compared to 0.2 nm employed by Suto &
Lee (1983); consequently, we obtained greater values for cross
sections, especially for the narrow lines in the B +— X system. A
quantitative comparison of oscillator strength avoids this problem
(as discussed in § 4.2).

4.2. Oscillator Strengths

An integration of absorption cross sections over a spectral
range covering all bands of a transition system yields an oscil-
lator strength f'that does not depend on experimental bandwidth

8 Tabulated numerical values of cross sections at intervals of 0.02 nm are
available at http://ams-bmc.nsrrc.org.tw.

TABLE 1
PeEak WAVELENGTHS AND CROSS SECTIONS FOR THE A4 <— X TraNsiTION oF NH3, NH,D, NHD;, anp NDj3

NH; NH,D NHD, ND;

A o A o A o A o
v (nm) (Mb) (nm) (Mb) (nm) (Mb) (nm) (Mb)
216.76 1.00 215.96 0.87 215.14 0.69 214.29 0.67
212.72 3.52 212.31 3.44 211.74 2.47 210.92 2.11
208.70 8.11 208.71 6.68 208.18 6.02 208.04 5.52
204.82 12.80 204.96 12.37 205.02 9.52 205.22 8.82
201.02 17.40 201.48 18.67 201.96 14.71 202.44 14.61
197.34 19.90 198.14 21.42 198.92 19.65 199.71 20.38
193.82 20.00 194.92 23.26 195.94 22.36 197.08 27.02
190.42 18.70 191.68 23.12 193.02 23.51 194.41 32.53
187.06 16.60 188.58 21.46 190.11 22.63 191.78 34.19
183.82 13.60 185.54 17.88 187.28 19.54 189.22 32.66
180.66 10.40 182.54 13.08 184.52 16.32 186.68 27.96
177.60 7.34 179.64 9.03 181.82 12.89 184.21 22.84
174.60 4.55 176.84 6.11 179.21 9.58 181.79 17.24
171.68 3.01 174.06 4.11 176.72 6.26 179.44 12.18
168.82 1.86 171.42 2.45 174.12 3.88 177.18 8.02
168.74 1.45 171.98 2.23 174.94 5.19
169.54 1.51 172.76 3.19
170.62 1.92

168.52 1.14
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TABLE 2
Peak WAVELENGTHS AND CROSS SECTIONS FOR THE B «— X Transition oF NH3, NH,D, NHD,, axnp NDj3

NH; NH,D NHD, ND;

A o A o A o A o
v (nm) (Mb) (nm) (Mb) (nm) (Mb) (nm) (Mb)
168.82 1.89 168.74 1.45 168.66 1.08 168.51 1.14
166.31 1.95 166.38 1.33 166.42 1.07 166.52 0.83
163.76 2.51 164.19 1.57 163.96 2.54 164.52 1.01
161.24 5.64 161.64 4.01 162.08 3.03 162.58 1.29
158.72 8.99 159.29 6.86 159.94 5.11 160.64 2.09
156.24 10.92 156.98 9.46 157.82 7.24 158.76 4.11
153.81 11.31 154.69 10.45 155.74 8.14 156.91 5.47
151.42 10.62 152.46 9.42 153.68 8.84 155.02 6.33
149.10 7.79 150.28 8.08 151.66 8.68 153.18 6.53
146.82 6.56 148.14 6.21 149.66 7.56 151.38 5.67
144.58 5.88 146.01 3.97 147.79 6.05 149.64 5.09
142.38 4.61 143.96 2.84 145.82 4.35 147.88 431
143.98 2.98 146.16 393
144.48 3.22

and might be compared among various experiments. The f~value
is calculated from (Herzberg 1950)

f=113 x10*6/ad17, (1)

where o is in megabarns, and 7 is the wavenumber in cm™!.

Values of f for both 4 <+ X (integrated over 165-218 nm) and
B — X (144-165 nm) systems of all isotopologues are listed in
Table 3; those of NHj; reported by other investigators are also
listed for comparison (Burton et al. 1993; Chantranupong et al.
1991; Zeis et al. 1977). Our experimental results of /= 0.0800
and 0.0123 for 4 <+ X and B < X transitions of NH3, respec-
tively, agree satisfactorily with those measured with fast electron
impact by Burton et al. (1993) and those from dipole oscillator—
strength distributions (Burton et al. 1993; Zeiss et al. 1977). The

f-value calculated by Chantranupong et al. (1991) agrees with ex-
perimental data of the 4 < X transition but is only one-tenth that
measured for the B «— X transition. The f~values calculated quan-
tum chemically in this work, 0.0608 and 0.0088 for 4 «— X and
B «— X transitions, deviate from our experimental data by 24%
and —28%, respectively. The much improved agreement between
calculated and experimental oscillator strength for the B «— X
transition results from a much higher level of theory (MRCI,
relative to CASSCF employed previously) and a larger active
space and superior basis set employed in this work.

To compare with previous measurements, the f~value of NH;
is also determined in the range 170-206 nm; our value of 0.074
is slightly greater than a value of 0.066 reported by Suto & Lee
(1983) but smaller than a value of 0.088 reported by Watanabe
(1954). The deviations are within experimental uncertainties. The
discrepancies might be due to errors in pressure measurements

TABLE 3

CoMPARISON OF EXPERIMENTAL AND CALCULATED ADIABATIC EXCITATION ENERGIES AND OSCILLATOR STRENGTHS
FOR A <+ X AND B « X TransiTioNs oF NH3, NH,D, NHD,, anp ND3

Parameter Method NH; NH,D NHD, ND; Reference
44
Energy (cm™)..oooovverreerene. Expt. 46172 46305 46481 46668 This work
Calen.® 45952 46064 46183 46305 This work
F(165-218 nm)...cccovvvucucnnne. Expt. 0.0800 0.0883 0.0811 0.0818 This work
Expt.” 0.0738 Burton et al. 1993
Expt. 0.0802 Burton et al. 1993; Zeis et al. 1977
Calen. 0.0608 This work
Calen. 0.0872 Chantranupong et al. 1991
B lAH
Energy (cm™ .o, Expt. 59235 59263 59291 59344 This work
Calen.? 58986 58989 59073 59164 This work
S (144-165 nm) ...cocvvvervrrrnnee Expt. 0.0123 0.0095 0.0112 0.0090 This work
Expt.” 0.0132 Burton et al. 1993
Expt.© 0.0114 Burton et al. 1993; Zeis et al. 1977
Calen. 0.0088 This work
Calen. 0.0010 Chantranupong et al. 1991

# Calculated with MRCI+Q(8,13)/aug-cc-pVTZ //CASSCF(8,13)/6-311++G(d, p) + ZPE[CASSCF(8,13)/6-311++G(d, p)].

® Measured from dipole (e, e) spectroscopy.
¢ Measured from dipole oscillator-strength distributions.
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of NHj that require special attention; NHj3 is adsorbed on the sur-
face easily.

Although absorption maxima and bandwidths of the 4 «— X
transition varied substantially with the number of D atoms in each
isotopologue, the f~values of all four isotopologues are almost
identical (as indicated in Table 3). Upon considering that the num-
ber of D atoms greatly affects the vibrational wavenumbers, these
nearly constant f~values upon deuteration indicate that vibrational
excitation does not affect the absorption cross section of the 4
state. This result is justified by the fact that the PES of the A4 state
is crossed with a repulsive surface (Douglas 1963; Chung & Ziegler
1988), so vibrational excitation of the upper state might be un-
important. In contrast, the dissociative continuum might play a
significant role in the 4 «— X absorption spectrum. This result in
turn indicates that the observed vibrational-like structure of the
A +— X transition might be produced by nonadibatic interactions
between 4 and X states. The ““vibrational-like” structures in ab-
sorption spectra of the B «— X transition of H,O, HDO, and D,0
observed in our laboratory have been fitted satisfactorily with
theoretical spectra obtained from quantum dynamical calcula-
tions (Van Harrevelt & van Hemert 2000; Cheng et al. 2004). De-
tailed quantum dynamical calculation on such interaction for NH;
is desired.

In contrast, the f~value of the B «— X system varies greatly
among four isotopologues of NHj3. For instance, the f~values of
NH,D and NDj are smaller than that of NH; by 23%—27%. These
results indicate that the B < X transition is affected by vibrational
excitation. This effect is due to vibronic coupling, which can affect
the overall transition dipole moment through the intensity borrow-
ing mechanism (Lin 1976; Liao et al. 1999); hence, vibrational
wave functions also contribute to the f~value.

Notably, the absorption maxima for the vibrational bands of
NHD, are generally smaller than those of NH,D, but the f~value
of NHD, is greater (as listed in Table 3). This increase might
be caused by the presence of additional bands due to symmetry
breaking; the B state of NHD, was calculated to belong to point
group C,, whereas NH;, NHD,, and ND; possess C,, symmetry.

4.3. Enerqy and Predissociation of the A State

The wavenumbers of the band centers, which might not cor-
respond to absorption maxima, of the 4 < X (0,0) transition are
listed in Table 3 for all four isotopologues; this value increases
from 46,172 cm™! for NH; to 46,668 cm™! for NDs, with inter-
vals of 133, 176, and 187 cm ™! for each increase in the number
of D atoms. This increase reflects the difference in zero-point en-
ergy of the 4 and X states when NH; becomes progressively deu-
terated. As seen in Table 3, quantum chemical calculations correctly
reproduce this trend. The ZPE-corrected band origins increase
from 45,952 cm ™! for NH; to 46,305 cm ™' for ND;, with inter-
vals of 112, 119, and 122 cm~! as the number of D atoms in-
creases. The agreement between calculated adiabatic excitation
energies and experimental values is satisfactory; the differences
are smaller than 363 cm™' (0.045 eV).

Although band positions vary, spacings between two neigh-
boring bands are generally consistent with earlier assignments
(Douglas 1963; Vaida et al. 1987). Our vibrational spacings, 889,
796, 746, and 663 cm~ !, between levels vh =0 and 1 of NH;,
NH,D, NHD,, and NDj are consistent with vibrational wave-
numbers of 890, 810, 735, 660 cm~! given by Nakajima et al.
(1991) and 892, 813, 738, and 653 cm~! derived by Henck et al.
(1995), respectively.

According to our calculations, the normal mode expected to
be most active in vibronic spectra corresponding to the 4 « X
transition is the umbrella (or inversion, v,) mode, which exhibits

ABSORPTION CROSS SECTIONS IN 140-220 nm 1539

the largest displacement from the ground to the excited electronic
state. The symmetric N—H stretching (v;) mode might also con-
tribute to the vibronic structure of the system, but its displacement
is much smaller than that for the umbrella mode. The calculated
harmonic wavenumbers for v, are 707, 657, 602, and 543 cm™!
for the A4 states of NH3;, NH,D, NHD,, and ND3, respectively.
These calculated harmonic wavenumbers are significantly smaller
than observed vibrational spacings, indicating the highly anhar-
monic nature of the PES.

The predissociative character of the 4 state was clearly dem-
onstrated by earlier MCSCF calculations of the PES for this state
by McCarthy et al. (1987). They showed that NHj; in this elec-
tronic state can dissociate to NHz(ZBl) + H overcoming a small
barrier of 3226 cm™! at a planar C,, symmetric geometry with
/HNH = 113°, Ryy = 1.042 A (in the NH, fragment), and
Ry = 1.323 A (in the dissociation coordinate). As the dissocia-
tive N—H bond elongates further, there arises a conical intersec-
tion between the X and A4 states. Our present MRCI calculations
confirm these conclusions. The scan of the two PESs, performed
within C,, symmetry constraints and initiated at the local mini-
mum of the 4 state with all other geometric parameters frozen ex-
cept increasing one N—H distance, indicate a barrier 2324 cm™!
above the local minimum at Ryy = 1.3 A and crossing of the
ground and excited surfaces at Ryy = 2.0 A. Within Cy, sym-
metry, the 4 state of NH; is 'B; and correlates directly with
the ground-state products NH,(?B,) + H(%S). In contrast, the X
state is '4, and correlates with products in the excited state,
NH,(%4,) + H(%S).

4.4. Band Origin and Progressions of the B < X System

The wavenumbers for band centers of the B «— X system of
NHj; agree with literature values within 0.05 nm (Li & Vidal 1994;
Ashfold 1987, 1988; Langford 1998). Our data for NDj also agree
with previous reports (Chung & Ziegler 1988; Li & Vidal 1995),
except the v’ = 0 band, for which our wavenumber of 59,344 cm™!
is 47 cm~! smaller than the value given by Ashfold et al. (1987,
1988). This discrepancy is too large to be ascribed to experimen-
tal uncertainties. On examining the spectra of all four isotopologues
shown in Figure 2, we believe that our values are reasonable.

The wavenumber of the origin band increases from 59,235 cm ™!
for NH; to 59,344 cm ™! for ND;. This small increase indicates
that changes in zero-point energies of both B and X states upon
deuterization are similar. Calculated band origins for the B «— X
transitions increase from 58,986 cm™! for NH; to 59,164 cm™!
for NDj, in agreement with experimental results. For this transi-
tion, the difference between the theoretical and experimental adi-
abatic excitation energies is smaller than 274 cm~' (0.034 eV).

The spectral data for the B «— X transition of NH,D and NHD,
are much less studied than those of NH; and NDjs. The first spac-
ings for the B « X transition of NH,D and NHD, are 841 and
798 cm ™!, intermediate between values of 894 and 709 cm ™! for
NHj3 and ND3, respectively. According to our calculations, simi-
lar to the A < X transition, the most active mode in the B «+— X
system is the umbrella (or inversion) mode; calculated harmonic
wavenumbers are 870, 811, 743, and 668 cm™~! for the B state
of NH;, NH,D, NHD,, and ND3, respectively. These calculated
harmonic wavenumbers are 2.7%—6.9% smaller than observed
spacings between two bands with the smallest wavenumbers.

As shown in Figure 2, some weak bands in spectra of NH,D
and NHD, might be due to uncertainties propagated from data
manipulation to derive their cross sections from those determined
with isotopic mixtures, but the additional progressions for NHD,
are real and might become active when the C,, symmetry of the
B state is relaxed to Cg, according to our calculations. Observed
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number density of NH; divided by the number density of the atmosphere in
Jupiter.

first spacing of ~753 cm™! for this additional progression of
NHD, is smaller than the corresponding spacing of ~798 cm™!
for the umbrella mode, consistent with an expectation of an as-
signment of this additional progression to a combination band in-
volving the umbrella motion and other vibrational modes yet to
be identified.

4.5. Implications for the Atmosphere of Jupiter

The deuterium to hydrogen (D/H) ratio provides an important
constraint to the chemical and physical processes in the atmo-
spheres of planets (Owen & Encrenaz 2003). For example, the
D/H ratio of water (HDO vs. H,0) in the upper atmosphere of
Mars can be satisfactorily explained by photolytic (Cheng et al.
1999; Miller & Yung 2000) and condensation/evaporation pro-
cesses (Bertaux & Montmessin 2001). The D/H ratios for HD/H,
(Encrenaz et al. 1996; Mahafty et al. 1998; Lellouch et al. 2001)
and CH;D/CH4 (Encrenaz et al. 1999; Lellouch et al. 2001) in
the atmosphere of Jupiter are ~2.3 x 10>, The isotopic compo-
sition other than these two species in Jupiter has not been ob-
tained. A theoretical study conducted by Lee et al. (2001) shows
that C,Hg, which is the most abundant hydrocarbon compound
produced photochemically via the photolysis of CH, in the upper
atmosphere of Jupiter, is enriched in D. The predicted D/H ratio
in C,HsD/C,Hg is about 15 times that of HD/H, or CH;D/CHy.
In the lower atmosphere, the photolytically initiated isotopic frac-
tionation processes for hydrocarbon chemistry that operate in the
upper atmosphere are severely curtailed by the shielding at wave-
lengths <160 nm due to CH, and C,Hg. The photolytic processes
of NHj3, driven by photons with wavelengths <230 nm, in the
lower stratosphere and upper troposphere are the most significant
disequilibrium processes (Strobel 1975). To evaluate the process
on the D/H ratios for NH; photolytic products, we perform a one-
dimensional kinetics simulation incorporating the newly mea-
sured photoabsorption cross sections of NH3 and NH,D for this
region of the atmosphere of Jupiter.

The one-dimensional Caltech/JPL KINETICS model is used
in our study. A detailed description of the model has been given
previously (e.g., Gladstone et al. 1996). Figure 3 shows the ver-
tical profile of NH; adopted in this study (solid line). It is based
on data from Edgington et al. (1999) ( plus signs in Fig. 3). Fig-
ure 4 shows the vertical profiles of the photoabsorption rates of
NHj3;. For comparison, we also include results for CH4 and C,Hg
from Gladstone et al. (1996) and Lee et al. (2001). As stated
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earlier, the photoabsorption of CHy is significant in the region
above ~0.1 mbar pressure level, and NH; molecules become the
dominant UV absorbers below ~200 mbar. The photolytic pro-
ducts of NH; such as H, NH, and NH, could react with C,Hg in
the lower stratosphere/upper troposphere and thereby modify the
D/H ratio in ethane that is initially produced in the upper atmo-
sphere of Jupiter. The fractionation of photoabsorption coeffi-
cients (J-value) for ammonia is presented in Figure 5. It is shown
that the photolysis of ammonia will cause the photolytic products
of ammonia to be isotopically depleted compared with their par-
ent molecules, ammonia. Therefore, the predicted enhanced D/H
ratio in ethane mediated by CH,4 photolysis alone (Lee et al. 2001)
may be affected. A simple order-of-magnitude argument is used
to estimate the influence of the ammonia photolysis. It is known
that the isotopic exchange reaction between D and Hj is fast (e.g.,
Lee et al. 2001). The exchange timescale is on the order of 103 s
at 300 mbar, while the ammonia photolysis is as large as 10 s.
So the ammonia photolytic effect on other species is severely
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Fic. 5.—Fractionation in J-value for (fop) ammonia, (bottom; solid line)
methane, and (bottom; dashed line) ethane. The J-value is calculated as the
product of the absorption cross section of the molecule being photolyzed and the
solar flux, all integrated over the wavelength region of interest; 6.J(per mil) =
1000 x [J(deuterated)/J(normal) — 1]. The dashed line in the top panel represents
the abundance ratio of [ NH,D] and [ NH;], referenced to the value ([ NH,D], and
[NHs]p) in the deep atmosphere; both photolysis- and condensation-induced iso-
topic fractionation are included. See text for details.
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diluted. To our knowledge, there is no significant chemical source
of ammonia in the troposphere of Jupiter, and the isotopic ex-
change between ammonia and molecular hydrogen is slow. So
the ammonia isotopic fractionation arises mainly from photolysis
and condensation/evaporation processes. We will discuss this in
a future paper.

In this work, we find that the maximum isotopic fractionation
of ammonia due to photolysis is ~—300 per mil (—300 parts in
thousand) at ~300 mbar. However, it is generally believed that
ammonia could condense to form clouds in the troposphere (West
etal. 1986). The condensation and evaporation of ammonia would
be analogous to that of water, which produces water vapor to be
isotopically depleted in the upper atmosphere of Mars compared
with that in the lower atmosphere (Bertaux & Montmessin 2001).
We follow Bertaux & Montmessin’s (2001) method to calculate
the isotopic fractionation due to condensation but take the pre-
cipitation of ammonia into account, because the precipitation in
the regions of interest (~300 mbar) is more important than the
photolysis. The precipitation rate is estimated based on the am-
monia mixing ratio profile shown in Figure 3. By mass conser-
vation, the precipitation rate is equal to the difference between
the diffusion (based on Fig. 3) and photolysis rates (Fig. 4). As-
suming the ammonia abundance in the deep atmosphere to be
2 x 1073, we find that ammonia can condense in the regions be-
tween ~400 and 800 mbar. Above the 400 mbar level the am-
monia photochemistry dominates. Below the 800 mbar level the
temperature is too warm to allow the precipitation. Since the frac-
tionation factor ¢ for the condensation of NH,D has not been mea-
sured but the value has been determined for ND5 (Kirshenbaum
& Urey 1942; Jancso & van Hook 1974), we follow the typical
assumption that o« (NH,D) = o'3(ND3). The result after includ-
ing the photolytic processes is shown by the dashed line in the
top panel of Figure 5. We see that the NH,D abundance is de-
pleted by a factor of ~2 at 300 mbar. So the isotopic composition
of ammonia provides a sensitive tool for understanding the mi-
crophysics and meteorology in the troposphere of Jupiter.

Our work provides the magnitude of the isotopic effect of am-
monia due to photolysis and condensation. Future observations
and modeling of the D/H ratios in ammonia are needed to advance
our understanding of the chemistry and the microphysics (and
dynamics) involving ammonia in the troposphere of Jupiter. Note
that the fractionation factor o used in the above calculation is ex-
trapolated from the values measured at higher temperature (~200
vs. 130 K for the regions of interest in Jupiter). Laboratory mea-
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surements of vapor pressures of various ammonia isotopologues
at ~130 K are needed to verify or quantify the above calculations.

5. CONCLUDING REMARKS

We determined absorption cross sections and oscillator strengths
of NHj3 in four deuterated isotopologues over the spectral range
140-220 nm. Measurements of cross sections of NH,D, NHD,,
and NDj are new. The oscillator strengths for the 4 «— X transi-
tion of NH3, NH,D, NHD,, and NDj in the range 165-218 nm
are evaluated to be 0.0800, 0.0883, 0.0811, and 0.0818, respec-
tively; the value for NH; agrees with previous experimental and
theoretical reports. The oscillator strengths for the B «— X tran-
sition in the range 144—165 nm were determined to be 0.0123,
0.0095, 0.0112, and 0.0090 for NH3, NH,D, NHD,, and NDs,
respectively; the experimental value for NHj is slightly greater
than our theoretical calculations, but about tenfold of previous
predictions. Coupled with those of NH3, they provide a complete
set of data for planetary modeling and further theoretical in-
vestigations. Unlike that of the 4 « X transition, the oscillator
strength of the B < X transition varies with progressive deutera-
tion of NH3. Additional progressions appear in the B «— X sys-
tem of NHD, due to symmetry breaking.

Quantum chemical predictions for band origins and oscillator
strengths of both transitions agree satisfactorily with experimen-
tal results. The umbrella mode is predicted to be active in both
transitions. The A state is highly predissociative. The present cal-
culations also predict oscillator strengths for the B «<— X transition
of NH; much nearer the experimental value than those predicted
previously. Incorporating the measured photoabsorption cross
sections of NH; and NH,D to the Caltech/JPL KINETICS model
for the atmosphere of Jupiter, we find that NH,D is enriched when
compared with NHj3. After taking the isotopic fractionation due to
condensation into account, the abundance of NH,D at ~300 mbar
is depleted by a factor of 2. Thus, the isotopic composition of am-
monia provides a useful tracer for studying the formation of am-
monia cloud in the troposphere of Jupiter.
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