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ABSTRACT

Context. Ammonia is detected both in the gas phase and in the ices of protoplanetary disks. However, its gas phase abundances are still
difficult to reproduce via chemical modelling when only the thermal-, UV photon-, and cosmic ray-induced processes are considered.
Among other non-thermal mechanisms, X-ray photo-desorption is a relevant pathway to maintaining a budget of molecules in the gas
of disks. However, no quantitative data are available to constrain its efficiency in the case of ammonia-containing ices.

Aims. We studied the desorption induced by soft X-rays from ammonia ices to determine the photo-desorption yields of neutral
molecules that can be applied to the conditions of protoplanetary disks. We also aim to identify the desorption mechanisms at play.
Methods. Pure ammonia ices were deposited at 23 or 75 K and irradiated between 395 and 435 eV, with monochromatic synchrotron
light. Desorption of neutral molecules and fragments was detected using a quadrupole mass spectrometer, calibrated to obtain des-
orption yields. These values were extrapolated and the spectrum of a protoplanetary disk was used to extract average astrophysical
desorption yields.

Results. Photo-desorption from NHj ices is dominated by the desorption of neutral NH; and N, molecules. The desorption mech-
anism mostly involves the thermalisation of Auger electrons in the ice, although resonant phenomena also contribute near the N 1s
ionisation edge. The NH; photo-desorption is independent of ice morphology and irradiation temperature. Contrary to NHj3 desorption,
N, desorption is sensitive to the photon fluence received by the ice. Average photo-desorption yields derived using the TW Hya X-ray
spectrum reveal that the NH;3 photo-desorption would be four to six times more efficient than that of H,O. This could be at the origin
of unexplained high NH3/H,O abundance ratios predicted in the disk around TW Hya. This result ought to be confirmed by the study

of mixed water-ammonia ices.

Key words. astrochemistry — methods: laboratory: molecular — methods: laboratory: solid state — protoplanetary disks

1. Introduction

Ammonia is ubiquitous in astrophysical media. Its presence in
the solar system has been known for a long time as a compo-
nent of the atmospheres of gas giants (e.g. Cochran & Cochran
1981; Hofstadter & Muhleman 1989) and comets (e.g. Wyckoff
et al. 1991; Drozdovskaya et al. 2023) or frozen on the sur-
face of several bodies such as Enceladus (Emery et al. 2005)
or Charon (Brown & Calvin 2000). In the interstellar medium,
it is considered an important nitrogen carrier in molecular
clouds and circumstellar envelopes, together with N, and HCN
(Pontoppidan et al. 2019). Also, NH; has been identified as one
of the main constituents of the molecular icy mantles covering
dust grains (Oberg et al. 2011; Boogert et al. 2015). Recent obser-
vations performed by the James Webb Space Telescope have
further confirmed its presence in ice mantles in dense clouds
(McClure et al. 2023), where it accounts for 2—-10% of the com-
position relative to water, and, more recently, in protoplanetary
disks (Sturm et al. 2023). In the latter regions, the presence
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paris-saclay.fr

** Current affiliation: Laboratory Astrophysics Group of the Max
Planck Institute for Astronomy at the Friedrich Schiller University Jena,

Institute of Solid State Physics, Jena, Germany.

of NH3 in the gas phase has been observationally confirmed
(Salinas et al. 2016; Najita et al. 2021). In the case of the disk
around TW Hya, Salinas et al. (2016) considered ammonia emis-
sion to be spatially correlated to water emission. They derived
gaseous NH3/H,O ratios using the observations and the chemi-
cal model from Cleeves et al. (2015), which takes into account
both thermal desorption and non-thermal desorption induced by
UV photons and cosmic rays; with the X-rays in this case mainly
considered for the ionisation processes and secondary UV pho-
ton generation. Said ratios were high in three of the four tested
scenarios, implying that additional processes must be considered
to explain the gas phase ammonia abundances. In the fourth con-
sidered scenario, water and ammonia are mainly present in the
midplane of the disk where UV photons cannot penetrate, there-
fore ruling out the effect of UV photo-desorption and requiring
another non-thermal desorption process to be at play.

Although desorption induced by X-ray photons has been
a known phenomenon for several decades (Brumbach &
Kaminsky 1976), it has gained interest more recently as a
relevant process in astrochemistry. The ability of soft X-ray pho-
tons to induce chemical changes in irradiated molecular solids
and desorption of neutral molecules from interstellar ice ana-
logues has been experimentally evidenced (see e.g. Ciaravella
et al. 2020; Chen et al. 2013, and references below), making
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X-ray-induced desorption a good candidate to explain gaseous
abundances, especially in protoplanetary disks and in regions
where UV photons can hardly penetrate. The diffusion and mix-
ing of species present in the ice induced by X-ray irradiation has
also been shown to occur (Jiménez-Escobar et al. 2022).

In particular, the X-ray photo-desorption yields from water
ice, experimentally measured by Dupuy et al. (2018), have led
to the consideration of this process for the determination of
gaseous H,O abundances in disks. For instance, Notsu et al.
(2021) showed the strong impact of the X-ray-induced photo-
desorption on the water abundances outside the snowline. X-ray
irradiation experiments on NH3-containing ices have also been
performed over the years, but, to our knowledge, no values
have been reported for desorption yields of neutral molecules.
Jiménez-Escobar et al. (2018) showed that X-ray irradiation of a
H,0:CO:NHj; ice mixture leads to the desorption of NH; and N,
(among other molecules), but no quantitative desorption yields
have been given, apart for an upper limit for CO desorption.
Parent et al. (2009) studied the modification of crystalline ammo-
nia ice irradiated with 150 eV photons at 20 K. Their near-edge
X-ray absorption fine structure (NEXAFS) spectra taken in the
393-430eV energy range showed that the absorption spectrum
of the ice varies with increasing irradiation dose, mainly due
to an accumulation of N in the ice. They also identified NH,
N2H,, N3, and HNj; as irradiation products, similarly to what
was found after UV (Gerakines et al. 1996) or 5keV electron
(Zheng et al. 2008) irradiation of pure ammonia ices. In this con-
text, we present an experimental study aiming to derive X-ray
photo-desorption yields from ammonia ices that can be applied
in models of protoplanetary disks.

We have previously studied X-ray-induced desorption from
water (Dupuy et al. 2020), carbon monoxide (Dupuy et al.
2021b), methanol (Basalgete et al. 202la,b), acetonitrile
(Basalgete et al. 2023), and mixed and layered N,/CO ices
(Basalgete et al. 2022). These studies provided experimental
evidence for the desorption of neutral molecules and frag-
ments, including products resulting from X-ray-induced chem-
istry (especially in the cases of CH3;OH and CH3CN). For
ice mixtures, it has been established that the desorption yields
depend on the ice composition (Basalgete et al. 2021b; Basalgete
et al. 2023).

Regarding the desorption mechanisms at play, we demon-
strated that in the case of mixed and layered N,/CO ices
(Basalgete et al. 2022), the main mechanism is indirect (i.e.
that the photo-absorption of a species leads to the desorption
of another present in the ice). This implies an energy trans-
fer between the molecule that absorbs the photon and the one
desorbing. This energy transfer occurs over a distance deter-
mined by the mechanism, which we call desorption-relevant
depth (Ages). For N»/CO layered ices, said depth was determined
to be 30—40ML, which is consistent with X-ray-induced elec-
tron stimulated desorption (XESD). This means that desorption
is caused by the thermalisation of Auger electrons and photo-
electrons, which create secondary electrons as well as other
secondary particles in the ice'. The Auger electrons are pro-
duced by the decay of the core-excited or core-ionised states,
and they carry most of the initial photon energy under the exper-
imental conditions used in our studies. The same mechanism has
been proposed to be dominant in the case of neutral desorption

' This can be understood as a type of desorption induced by electronic
transitions (DIET). It has also been referred to as ‘DIET by secondary
electrons’ (Feulner et al. 1992) and ‘ESD via secondary electrons’
(Jaeger et al. 1983) in the literature.
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from other molecular ices such as water and methanol. For pure
methanol ices, complementary electron-irradiation experiments
were able to reproduce the desorption yields and the chemistry
seen in X-ray irradiation, confirming that XESD is the primary
desorption mechanism (Torres-Diaz et al. 2023).

The present study aims to quantify soft X-ray-induced des-
orption of neutral species from pure ammonia ices as a function
of the photon energy. We present desorption yields between
395 and 435 eV, obtained by harnessing the high brilliance and
tunability of synchrotron radiation (SOLEIL, beamline SEX-
TANTS, St Aubin, France). The desorption mechanisms are
discussed in this work, where we also derive astrophysically
relevant photo-desorption yields.

2. Methods
2.1. Set-up and irradiation experiments

All the experiments were carried out using the SPICES setup,
which consists of an ultra-high vacuum chamber (base pressure
~1071 mbar) equipped with a quadrupole mass spectrometer
(QMS). The ices were prepared by vapour deposition on a cop-
per substrate mounted on a rotary sample holder and cooled
down by a closed-cycle helium cryostat. The ammonia ices were
prepared at 23 K (amorphous) or at 75K (crystalline) and kept
at the respective temperature during irradiation. The deposited
ice thickness was of 100 + 10 monolayers (ML). Taking an ice
density of about 0.8 gcm™ (Satorre et al. 2013), we obtain an
interlayer distance of ~3A and, thus, the ice thickness corre-
sponds to about 300 A. The vacuum chamber was connected to
the SEXTANTS X-ray beamline at the SOLEIL synchrotron in
Saint-Aubin, France. The ices were irradiated with X-ray pho-
tons around the N 1s edge (395-435¢eV), with a typical spectral
resolution of 150 meV. The energy scale was calibrated setting
the N 1s — 7*(v' = 0) transition of N, at 400.868 eV (Chen et al.
1989). The incidence angle was 47° with respect to the surface
normal and the irradiated spot area was ~0.1 cm?.

During irradiation, two types of data were recorded: i) the
NEXAFS spectra in the Total Electron Yield (TEY) mode, corre-
sponding to the drain current measured at the substrate due to the
escape of the electrons created upon photo-absorption; and ii) the
ion yields, corresponding to the different m/z fragments created
by electron-impact ionisation (70eV) of the neutral molecules
desorbing from the ice and reaching the QMS.

The depth probed by the TEY is determined by the escape
depth of electrons created upon photon absorption (Stohr 1992)
(i.e. photo-electrons, Auger and secondary electrons), and it is
estimated to be around 100 A (Parent et al. 2009). For instance,
the secondary electron cloud created by 500eV Auger electrons
in water ice has a radius of 10-13 nm according to molecular
dynamics simulations (Timneanu et al. 2004). Therefore, the
deposited ice thickness is about three times the depth probed by
the TEY technique.

The photon flux was measured in situ with a photo-diode
and is shown to be energy-dependent. When only the TEY was
recorded (as for the results shown in Fig. 1), the photon flux used
was 1-2 x 10'! phs~!. For the photo-desorption experiments,
when both TEY and ion yields were measured simultaneously,
the flux was 1-2 x 10" phs~!. Using this flux, the accumu-
lated dose received by the ice per unit area, or fluence, was
~2 x 10" phcm™ for an energy scan between 395 and 435eV.
Since consecutive energy scans were done using the same ice,
we indicate the initial and final fluence values in the figures. The
maximum fluence received by a given ice was ~4 x 101 phcm 2.
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Fig. 1. TEY from pristine ammonia ices, deposited and measured
at the indicated temperature (23 or 75K). Features A and B are
attributed to electronic transitions (see text). The N 1s binding energy
(Ey, =403.6eV) determined for ammonia clusters is taken from
Lindblad et al. (2009). The photon flux is ~2 x 10" phs™!, fluence is
0-1 x 10" phcm™.

After this, a temperature programmed desorption (TPD) experi-
ment was done (heating rate of 12 K min~') thermally desorbing
the ice from the substrate before a new ice was prepared.

2.2. Desorption yield determination

The detailed methods used to calculate desorption yields from
the experimental data have been described previously (Basalgete
et al. 2021b; Basalgete et al. 2023) and, in this work, we give a
summary of the key points. The ion yields recorded with the
QMS as a function of the incident photon energy are converted
into quantitative desorption yields I['j,(E), in molecules per inci-
dent photon, using TPD calibrations done before the synchrotron
experiments for both NH; and N,. The relative uncertainty on
the desorption yields has been estimated to be about 50% and
considers uncertainties linked to the background signal subtrac-
tion, photon flux determination and the transmission function of
the QMS. Fragments of m/z 16 and 17 were used to quantify NHj3
desorption and m/z 28 for Nj.

For the astrophysical yields, the yields were first determined
between 395 and 435 eV are extrapolated up to 10 keV by assum-
ing that they follow the photo-absorption profile of the ice.
Since the absorption cross-sections for condensed ammonia have
not been reported in the literature, the gas-phase atomic nitro-
gen’s cross sections from Saloman et al. (1988) are used. This
is a reasonable approximation for energies above the ionisation
threshold since the core orbital involved in the ionisation process
has an atomic character (Dupuy et al. 2018). Then, the local spec-
trum of a Classical T Tauri star, TW Hya (Nomura et al. 2007),
is used and attenuated according to different hydrogen column
density conditions, by using the photo-electric cross-sections
taken from Bethell & Bergin (2011). The yields per deposited
eV, I.y(E), are calculated as follows:

rinc E
Fev(E) = E ) e

where o is the photo-absorption cross-section at the photon
energy E. N is the number of molecules involved in the photo-
desorption process per surface unit (in molecules cm™2) and is
calculated as:

2/3
m X N \'"4
N= (’)TA) X Ades: @

Here, py, is the ice’s mass density (gcm™>), N, Avogadro’s
number (mol~'), M the molar mass (gmol™'), and Ay the
desorption-relevant depth, namely, the number of ice layers that
contribute to the desorption processes. We have used the ice den-
sities reported by Satorre et al. (2013) of 0.72 and 0.87 g cm ™ for
the ices at 23 and 75 K, respectively. Finally, Ag4es was determined
to be several tens of monolayers (Basalgete et al. 2022) and we
took a value of 60 ML for a pure ammonia ice.

3. Results
3.1. Ice photo-absorption (TEY)

The total electron yield measured around the N 1s edge for pure
ammonia ices is shown in Fig. 1, for an amorphous (23 K) and
a crystalline ice (75 K) in the low-fluence regime. Our results
are in good agreement with the TEY reported by Parent et al.
(2009) for a crystalline ice deposited at 95 K and measured at
20 K. The observed peaks at 401.2eV (A) and at 402.9eV (B)
can be interpreted as shifted (1 to 1.5eV) and broadened (about
50%) versions of the gas phase absorption features (Menzel et al.
1990). Therefore they are attributed, respectively, to the N 1s
— 3a(a;) and to the N 1s — 3p (e) transitions, according to the
notation used by Schirmer et al. (1993). The intensity of these
two peaks is independent of the ice temperature and morphol-
ogy. It should be noted that other resonances observed above
peak B in the gas phase are not distinguishable in the TEY from
the solid. To our knowledge, the core ionisation energy has not
been reported for condensed ammonia; thus, in Fig. 1, we show
the binding energy (Ep) of the N 1s orbital measured for ammo-
nia clusters (Lindblad et al. 2009). The weak resonances seen
in the ionisation continuum (405, 411 and 415eV) at 75 K were
attributed to multiple scattering by Parent et al. (2009) and are
characteristic of an ordered solid. By analogy with the gas phase,
the broad feature at higher photon energy (420 eV) is attributed
to a o-shape resonance (Sette et al. 1984).

3.2. Chemical evolution of the ice

The evolution of the photo-absorption features with increasing
fluence (total number of photons received by the ice per cm?)
is shown in Fig. 2. We mainly observe the formation of N,
and some depletion of NH3.The intensity of peak A (401.2¢eV)
increases with increasing irradiation due to the accumulation of
N; in the ice. The N 1s — #* transition of N, overlaps with
the first core excitation of NH3 (Parent et al. 2009). This is
observed at both 23 and 75 K, although for the latter the accumu-
lation is less significant, namely, the 401.2 eV peak (A) remains
less intense than the 402.9eV peak (B) in the 2 x 10'°—4 x
10'® ph cm=2 fluence range (Fig. 2, blue curves). This is because
at 23K the thermal desorption of N, is not significant, while
it is expected to be efficient at 75 K. The TPD spectra of N,
deposited on amorphous water ice (ASW) showed that all the
N; is thermally desorbed even below 40K (Smith et al. 2016).
A higher resolution TEY recorded around 401 eV confirms this
attribution, as the N, vibronic transition’s structure becomes

A90, page 3 of 7



Torres-Diaz, D., et al.: A&A, 690, A90 (2024)

0.40
0.06 0.06 N
035 (a) 23K [ ) 75K 0204 © Fal
. 0.04 0.04 —/—% f
0.301 0.02 r 0.02f— = iy —
F ol .
£ 0.15 f El
50259 000"357 38 380 400 357 398 399 400 % J L
'\“_J, 0.204 Energy (eV) O / .8
E %ﬂ 0.104 ./_/ | =
0.15 1 r J >
= E H_J
0.10 1 16 2T 16 2| F ] 15 2
——0-0.1x10"® ph/cm ——0-0.1x10"® ph/cm 0054 ——0-1x10"® ph/cm ]
0.054 ——0.1-2x10" ph/em? | ——0.2-2x10"® ph/cm? ——1-2x10"® ph/cm?
——2-4x10'® ph/cm? ——2-4x10" ph/cm? N, ice
0.00 T T T T T T T T 0.00 T T T T
400 410 420 430 400 410 420 430 400.5 401.0 401.5 402.0 402.5
Energy (eV) Energy (eV) Photon Energy (eV)

Fig. 2. TEY from ammonia ices over different fluence ranges, at 23 (a) and 75 K (b). The inlets in panels a and b show the TEY below 400 eV.
Panel ¢ shows a zoom-in of the ammonia TEY around 401 eV (at 75 K) compared to the partial electron yield (PEY) from a pure N, ice from Feulner
et al. (1992), in arbitrary units. N, formation during irradiation of ammonia ices is confirmed by the appearance of the N, vibronic structure (green
trace, spectral resolution of 20 meV). The legend gives the initial and final fluences for each energy scan. The photon flux is ~2 x 10'! phs~! for

the black and green traces and ~2 x 10'? phs™! for the others.
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Fig. 3. Post-irradiation TPD. The legend gives the temperature at which
the ice was deposited and kept during irradiation. Mass fragments 17
and 28 were used to follow the thermal desorption of NH; and N,
respectively. Total fluence received by the ices ~4 x 10'® ph cm=2. Heat-
ing rate 12 K min™",

apparent (Fig. 2, panel c, green curve). The positions of the fea-
tures match the ones seen in the partial electron yields (PEY) of
a pure N ice from Feulner et al. (1992).

The formation and accumulation of N, on and in the ice is
also seen in post-irradiation TPD spectra (Fig. 3). We observe
that desorption of the mass fragment 28 (N,) starts at ~27 K and
peaks at 40 K for the ammonia ice irradiated at 23 K. The same
was seen for mass 14 (not shown). Some N, trapped in the ice is
then released when the NHj ice is crystallised (~75 K) which is
known as the ‘volcano effect’ (Smith et al. 1997) and has been
previously observed for N, co-deposited with water (Collings
et al. 2004). Finally, some N, co-desorbs with NH;3 at a higher
temperature. In contrast, when the ice is irradiated at 75 K the N,
molecules cannot stick to the surface. The only N, remaining is
trapped deep in the ice. Accordingly, the only peak seen in the
TPD spectra corresponds to its co-desorption with NHj.

Peak B’s evolution (402.9eV) is more complex and not
completely understood. Its intensity decreases with increasing
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fluence, indicating depletion of NHj3, except for the blue curves
in Fig. 2 that show an increase. This could be due to N, absorp-
tion, expected above 405eV with an intensity of around 10%
of that at 401 eV (Basalgete et al. 2022) or to other irradia-
tion products whose features are expected to overlap with the
NH;3 ones, such as NpHy (Hitchcock 1990). Three new fea-
tures appear between 395 and 400eV (inlets in Fig. 2), which
were attributed by Parent et al. (2009) to N=NH, (397.2¢eV),
cis — NoH; (398.6eV), N5 (399.6eV) and HN3 which overlaps
with the latter.

3.3. Desorption yields

While the TEY measurements allow detecting photon-induced
changes in the ice composition, the release of neutral molecules
to the gas phase was monitored by mass spectrometry dur-
ing photon irradiation of the ices. We detected NH; and N,
desorbing during X-ray irradiation at both working tempera-
tures. The energy-dependent desorption yields in molecules per
incident photon are shown in Fig. 4. We observed N, des-
orption to be strongly fluence dependent in the low-fluence
regime (<2 x 10'6 ph cm™2); therefore, we only provide the des-
orption yields at high-fluence where the energy dependence
is considered more reliable. The maximum desorption yield
measured for N, is almost five times the maximum yield
measured for NHj. It should be noted that desorption of frag-
ments of m/z 30 (N,H,) and 32 (N,H4) was not observed
(both probed at 403eV and low fluence, ~1 x 10" phem™2).
Desorption of H, was not considered in this study, as our
mass spectrometer does not allow reliable quantification of
the m/z 2 channel. The NH; desorption yields are indepen-
dent of the ice morphology and irradiation temperature, except
at the first resonance around 401 eV. Here, the desorption is
enhanced at 23 K (0.08—0.11 molecules photon™') compared to
75 K (~0.045 molecules photon™"). According to the desorption
mechanism expected to be dominant at the photon energies stud-
ied here (XESD), we scale the TEY to match the desorption
yields at the ionisation continuum (dashed lines in Fig. 4), where
Auger decay is the dominant relaxation process of the core
ionised molecules. Some discrepancies are observed between
desorption yields and the scaled TEY for both resonances A and
B at 23 K and only for resonance B at 75 K. This is discussed in
the next section.
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Fig. 4. NH; and N, desorption yields from ammonia ices at 23 and 75 K, in molecules per incident photon. The TEYs from the lower fluence
experiments (<2 X 10'® phcm™2, black dashed curves) are shown in an arbitrary scale to match the NH; desorption in the ionisation continuum.

The colour code is the same as in Fig. 2.

Table 1. Desorption yields in molecules per incident photon at 430 eV,
for a photon fluence of <2 x 10'¢ phcm™2 (see red curves in Fig. 4).

T(K) NH;(102) N, (107"

23 37+03 1.7+0.1@
75 37+03

Notes. Calculated as the average of five values around 430 eV, the error
bars correspond to the standard deviation of said values from the average
(related to the noise observed in the m/z channel). Value for a fluence
between 2 x 10'°—4 x 10'6 phcm ™ (see text).

Table 2. Desorption yields in molecules per deposited eV at 430 eV, for
a photon fluence <2 x 10'® phcm™2.

T(K) NH;(107%) N, (1072

23 26£02 1.2+0.1@
75 23+0.2

Notes. Calculated from the desorption yields in Table 1. “Value for a
fluence between 2 x 10'°—4 x 10'® phcm™.

In Table 1, we summarise the photo-desorption yields deter-
mined in the ionisation continuum (430eV) and that were used
to extrapolate astrophysical desorption yields (Section 5). These
values indicate a highly efficient depletion of NHj in the ice.
If we consider that two NH3 molecules are needed for each
N, desorbing, we can estimate that ~0.4 NH; molecules are
lost from the ice per incident photon at 430eV. The yields
in molecules per deposited eV given in Table 2 were deter-
mined using Equation (1), and a photo-absorption cross-section
of 0.62 Mbarn at 430eV (Saloman et al. 1988). This calculation
takes into account the energy deposited by the photons absorbed
within the desorption-relevant depth (see Equations (1) and (2)).

4., Discussion

To understand the modulation of the NH; desorption yields
with the photon energy, we need to consider the desorption
mechanisms at play. As mentioned, XESD is known to be the
main mechanism for molecular ices such as pure methanol
and N,/CO. Since XESD is mainly related to the creation and

thermalisation of Auger electrons in the ice upon photo-
absorption, we expect the desorption to follow the TEY profile.
Even if this is generally the case for NH;3 desorption, there are
clear deviations at the resonances (peaks A and B). This indi-
cates that relaxation processes other than Auger decay occur and
also lead to desorption.

For instance, ultra-fast dissociation (UFD), where the excited
molecule undergoes fragmentation before Auger decay, has been
observed for the first core excited state (peak A) in both gas
(Hjelte et al. 2003; Travnikova et al. 2022) and solid ammonia
(Menzel et al. 1990; Romberg et al. 2000). However, UFD seems
to lead only to enhanced desorption of H* and not of neutral NH3
(Menzel et al. 1990; Romberg et al. 2000).

Another possibility are processes involving H and H* atoms
formed by the dissociation of the final cationic state following
the Auger decay of a core-excited molecule. Lyman-a emis-
sion has been reported for gas phase NHj3 (Coreno et al. 2007;
Jakubowska et al. 2007). This emission is relatively more impor-
tant for the second resonance (peak B) and decreases above the
core ionisation energy. In the solid phase, the Lyman-a photons
could be absorbed by neighbouring molecules and lead to des-
orption. Although the UV photo-desorption and processing of
ammonia ices have been studied (Loeffler & Baragiola 2010;
Martin-Doménech et al. 2018; Torres-Diaz et al., in prep.), the
creation of secondary Lyman-a after X-ray absorption has not
yet been reported for the solid phase. On the other hand, if
the hydrogen atoms formed in the process have enough kinetic
energy, they could lead to desorption by transferring this energy
to other molecules, which is known as the kick-out mechanism
in the case of VUV photo-desorption from water ices (Dupuy
et al. 2021a; Fillion et al. 2022). Hydrogen atoms are mobile even
at low temperatures, which allows them to diffuse through the
ice and participate in reactions such as recombination with other
radicals, which is an exothermic process that has also been pro-
posed to contribute to desorption (Fillion et al. 2022). However,
we cannot estimate the relative contribution of these different
desorption processes to the yields we report here.

At the first resonance (peak A), the discrepancy with the
TEY is only seen at 23 K, which is correlated with the pres-
ence of N near the surface of the ice, as confirmed by the TPD
spectra. If N, is responsible for the enhanced NHj3 desorption,
it is not only due to XESD initiated by N, photo-absorption
(which is reflected in the TEY as an increase of the peak’s inten-
sity) but also to other potential mechanisms. For instance, the
co-desorption of NH3 with Ny, or to desorption induced by the
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redistribution and transfer of the internal energy of the excited
N, molecules to neighbouring NH3. The N, trapped in the ice at
75K is far from the surface, and its presence does not seem to
affect significantly NH3 desorption (Fig. 4, panel b). Thus, while
an investigation of the details of such processes is beyond the
scope of this paper, we suspect some mechanism involving a few
ice layers near the surface.

Regarding N, formation, reaction pathways have been pro-
posed and extensively discussed in the literature (see for instance
Parent et al. 2009 and references therein). It has been sug-
gested to require several reaction steps and the formation of
precursors such as NH; radicals and the more stable compound
N,H, (hydrazine). Therefore, a build-up effect is expected for
N, formation related to the accumulation of precursors during
irradiation. This explains why the desorption yields are strongly
dependent on fluence below 2 x 10'® phcm™2: what we probe
corresponds to the N, formation kinetics (and therefore availabil-
ity to desorb) convoluted with its energy dependant desorption.
This highlights the importance of considering the ice’s chemi-
cal evolution when discussing desorption yields, as the amount
of irradiation received by the ice can affect the determined yield
values, especially for irradiation products. Experiments at fixed
energy should be performed to better understand N, formation
and desorption kinetics. However, said experiments are time-
consuming, and access to synchrotron facilities is limited; an
alternative is using electron irradiation experiments, mimicking
the effect of the Auger electrons created in the ice upon X-ray
absorption. We previously used this approach to study methanol
ices (Torres-Diaz et al. 2023) and the corresponding results for
ammonia ices will be the subject of a future publication.

5. Astrophysical desorption yields

The desorption yields determined and discussed in the previ-
ous sections can be used to calculate average desorption yields
in different astrophysical environments by taking into account
the local X-ray spectrum and for different H column densities
(see Methods section). The astrophysical yields for N, calculated
using the desorption yield measured at 430 eV ranged between
1072 and 10~* molecules per incident photon, for H column
densities ranging from 10! to 10** cm?. However, these values
come from the yield obtained for a photo-processed ice (fluence
above 2 x 10'® phcm™2) , which might not be pertinent in an
astrophysical context.

Table 3 presents the average astrophysical desorption yields
for NH; obtained using the experimental desorption yields in
the ionisation continuum at 23 K. The NH;3 desorption yields
were found to be mostly independent of photon fluence, lend-
ing us confidence in the extrapolation made here. Average
NH; X-ray photo-desorption yields in disks range from ~10~2
to 107 ejected molecules per incident photon, for H column
densities ranging from 10?! to 10?* cm?. When compared to
X-ray photo-desorption yields of water in a disk, estimated
using the same procedure (Dupuy et al. 2018), the yields for
NH; X-ray photo-desorption are four to six times higher than
those for H,O at equivalent H column densities. Thus, X-ray
induced desorption could strongly affect the gas phase NH3/H,O
abundance ratio in disks if it is operative. This finding could
help explain the high NH3/H,O ratios or the presence of gas
phase NHj3 in the midplane of a disk predicted in the study of
Salinas et al. (2016). However, this needs to be nuanced since
the present yields were obtained from pure NHj ices and the ice
composition is known to change the final desorption yields. All
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Table 3. NH; X-ray average astrophysical yields in molecules per
incident photon at 23 K.

Attenuation NH; H,O (1)

Source spectrum  1.3*07 x 1072 2.3*!2x 1073
Ny = 10*' cm? 1.1¥96 x 1072 2.5%13 x 1073
Ny = 102 cm? 4824 % 1073 1.2%06 % 1073
Ny = 108 cm? 59830 % 107*  1.2*96 x 10~
Ny = 10 cm? 77539 % 1075 1.2*23x 107

Notes. Values derived using the TW Hya X-ray spectrum from Nomura
et al. (2007) calculated for different H column densities. The corre-
sponding yields for water at 15 K are given for comparison. (1) Dupuy
et al. (2018).

the species present in the ice may be Auger and secondary elec-
tron sources during irradiation. Furthermore, reaction pathways
could compete with desorption, leading to different desorption
yields. Drawing more conclusive results on the different X-ray
photo-desorption efficiencies of NH3 and H, O requires the study
of X-ray photo-desorption from H,O:NHj3 icy mixtures, which
are more representative of the detected ice composition in disks.

6. Conclusions

We have determined quantitative photo-desorption yields of NH3
and N, from pure ammonia ices, at 23 and 75K, in the 395-
435eV energy range. The NH; desorption yields are generally
independent of ice temperature and morphology. Comparison
with the ice absorption reveals that the mechanism is mostly
dominated by the XESD process, although an additional con-
tribution has been observed at the resonant core-excited features
at 401.2 and 402.9 eV. While NH3 photo-desorption yields are
mostly independent of the irradiation fluence, N, desorption is
strongly fluence-dependent, as expected for a product of complex
photo-chemical processing of the ice. Fixed energy experiments
are needed to understand better the fluence dependency of the
N desorption yields and, thus, be able to more confidently reach
photo-desorption yields in the low fluence regime, fundamental
for an extrapolation to the astrophysical conditions.

We also determined average astrophysical desorption yields
for NH3 by extrapolating the desorption yields in the ionisation
continuum up to 10keV and considering the X-ray spectrum
of TW Hya and several attenuation conditions. These yields
range from ~1072 to 10~ molecules ejected per incident photon,
depending on the considered H column density. These values
are four to six times higher than H,O X-ray photo-desorption
yields from water ices derived previously with the same method.
This suggests a strong differential effect for the X-ray photo-
desorption between these two species that might explain high
NH3/H,O gas phase abundance ratios in the disk around TW
Hya. However, this ought to be confirmed by future studies on
more realistic mixed H,O:NHj3 ices.
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