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Abstract

We studied the electron irradiation of crystalline and amorphous deuterated water ices at 12 K. The experiments show that molecular
deuterium (D2), molecular oxygen (O2), and Hydrogen peroxide (D2O2) were produced inside the irradiated ice samples. A quantitative
comparison of crystalline and amorphous ice samples showed that the production rates of D2, O2 and D2O2 in amorphous ices are sys-
tematically higher than those in crystalline samples. Reaction mechanisms and astrophysical implications are discussed.
Published by Elsevier B.V.
1. Introduction

During the last decade, sputtering and irradiation exper-
iments of low temperature water ices have received partic-
ular attention [1–6]. These experiments are aimed to
understand the interaction of cosmic ray and solar wind
particles as well as of ultra violet (UV) photons with ices
present in cold molecular clouds, Oort cloud objects, Kui-
per Belt Objects, comets, as well as planets and their satel-
lites. One of the prime interests of these studies is to extract
formation pathways on how new molecules are formed
during the photolysis/irradiation of water ices both quali-
tatively and quantitatively. Watanabe et al. [7] measured
the yield of molecular deuterium (D2) via ultraviolet irradi-
ation of amorphous water ice (D2O) at 12 K. Sieger et al. as
well as Orlando and Sieger [8,9] unraveled the production
of molecular oxygen (O2) in water ices via electron irradia-
tion exposure. Grieves and Orlando [10] investigated the
electron stimulated formation and trapping of D2 and O2

in amorphous and crystalline D2O ices. The generation of
hydrogen peroxide inside water ice has been studied
recently by various research groups [11–14]. Previous work
in our lab suggested that molecular hydrogen, molecular
oxygen, and hydrogen peroxide were produced in crystal-
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line water ice via electron irradiation at 12 K [15]. These
products were trapped inside the ices until the samples were
warmed up. The temperature-dependent studies showed
that the production rates of all species decreased as the
temperature of the samples is raised [16]. The major com-
ponent of the icy mantles on the surface of the dust grains
in cold molecular clouds and on the surfaces of objects in
the Oort cloud is amorphous water ice [17]. Amorphous
water ice also exists in comets [18,19]. Therefore, it is nec-
essary to investigate the effects of the porosity and mor-
phology of the ice on the chemical formation routes and
on the production rates quantitatively. In this paper, we
compare detailed, quantitative studies of the formation of
molecular hydrogen, molecular oxygen, and hydrogen per-
oxide in crystalline and amorphous water ice by energetic
electrons.
2. Experimental

In order to eliminate even trace amounts of contamina-
tion from water and molecular hydrogen, we conducted
our experiments with deuterated water (D2O, Alfa Aesar,
99.995%). The experiments were carried out in an ultrahigh
vacuum chamber (5 · 10�11 Torr) which has been intro-
duced elsewhere [20]. Briefly, a two-stage closed-cycle
helium refrigerator coupled with a rotary platform is
attached to the main chamber and holds a polished
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polycrystalline silver mirror serving as a substrate for the
ice condensation. With the combination of the closed-cycle
helium refrigerator and a programmable temperature con-
troller, the temperature of the silver mirror can be regu-
lated precisely (±0.3 K) between 10 K and 350 K. The
amorphous D2O samples were formed by depositing D2O
onto the silver mirror at 12 K; the cubic crystalline D2O
samples were prepared by condensing D2O vapor onto
the silver substrate at 140 K and by cooling the samples
to 12 K at 1.0 K min�1 after the deposition was complete.
The thickness of the samples was estimated to
100 ± 30 nm based on the infrared absorption and the opti-
cal constants reported by Bergren et al. [21]; the day-to-day
reproducibility of the ice condensation was within 5%. The
samples were irradiated with 5 keV electrons at 12 K for
180 min at beam currents of 0 nA (blank experiment),
10 nA, 100 nA, 1000 nA, and 10000 nA by scanning the
electron beam over an area of 1.86 ± 0.02 cm2. After each
irradiation, the sample was kept at the same temperature
for 60 min and then warmed up at 0.5 K min�1 to 293 K.
The infrared spectra of the samples were measured on-line

and in-situ by a Fourier transform infrared spectrometer
(Nicolet 510 DX FTIR); the species subliming from the
samples were monitored with a quadrupole mass spectrom-
eter (Balzer QMG 420).

3. Results

3.1. Infrared spectra

Typical infrared spectra of D2O ice before and after irra-
diation with 5 keV electrons at 1000 nA electron current
are shown in Fig. 1. The patterns are similar to those
observed in regular water ice (H2O). Considering the spec-
trum of crystalline D2O ice before the irradiation (Fig. 1),
the absorption bands centered at 701 cm�1 and 1200 cm�1

correspond to the libration band (mL) and bending mode
(m2), respectively. The absorption at 1635 cm�1 results from
combination band (mL + m2) and/or libration overtone
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Fig. 1. Infrared spectra of cubic crystalline D2O ice taken before (dashed
line) and after the irradiation (solid line) at 12 K.
(3 mL). The peaks at 2305 cm�1 and 2572 cm�1 match the
in-phase and out-of-phase symmetric stretch (m1) of the
D2 molecule; those at 2370 cm�1 and 2470 cm�1 originate
from the transversal and longitudinal modes of asymmetric
stretch vibration (m3). Note that the small peak at 827 cm�1

(Fig. 1) is due to a tiny amount of HDO resulted from the
residual water in the vacuum system.

During the irradiation process, a new absorption feature
centered at 2120 cm�1 emerged (Fig. 1) indicating the for-
mation of D2O2. This feature is similar to the 2110 cm�1

peak in pure D2O2 ice [22]. Note that two additional
absorption features of D2O2 were observed after most of
the D2O sublimed into the gas phase at about 178 K
(Fig. 2). These peaks are centered at 1088 cm�1 and
1024 cm�1. The 1088 cm�1 feature was identified as m2 sym-
metric bending of D2O2 molecule, whereas the 1024 cm�1

feature corresponds to the m6 asymmetric bending. The
D2O2 m2 and m6 modes were found to be at 1060 and
1042 cm�1, respectively, in pure D2O2 ice [22]. In our exper-
iment, the frequency of the 2115 cm�1 feature is approxi-
mately the sum of the modes at 1088 cm�1 and
1024 cm�1. Although Lannon et al. [22] assigned the
2110 cm�1 peak in their spectrum to the D2O2 2m6 mode,
here, we assign the 2115 cm�1 peak to the m2 + m6 combina-
tion mode of D2O2 molecule. The D2O2 absorption features
overlap with the D2O feature in both the amorphous ice and
crystalline ices. It is difficult to compute the column densi-
ties of the D2O2 based on the infrared absorption.

3.2. Mass spectra

After the irradiation, the samples were held at the same
temperature for one hour. Then, they were warmed up at a
speed of 0.5 K min�1. Fig. 3 presents the ion currents of
various species as observed in the gas phase during the
warm-up of the cubic crystalline D2O ice. Most of the
D2O sublimed at about 179 K. Compared to the blank
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Fig. 2. Infrared spectrum of the irradiated sample taken in the warm-up
phase at 178 K; most of the D2-water has sublimed. Peaks A, B, and C
correspond to the m2 + m6 combination mode, m2 symmetric bending, and
m2 + m6 asymmetric bending of D2O2, respectively. The remaining absorp-
tion features belong to D2O ice.
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Fig. 3. Evolution of the ion currents of D2, O2, D2O2, and D2O during the
warm-up of cubic crystalline D2O samples for irradiation experiments
carried out with nominal electron currents of (a) 0, (b) 10, (c) 100, (d)
1000, and (e) 10000 nA.
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ig. 4. Evolution of the ion currents of D2, O2, D2O2, and D2O during the
arm-up of amorphous D2O samples for irradiation experiments carried
ut with nominal electron currents of (a) 0, (b) 10, (c) 100, (d) 1000, and
e) 10000 nA.
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experiment, the results also show that D2, O2, and D2O2

were generated during the irradiation and were released
from the D2O ices upon warming the samples. This is con-
sistent with our previous experiments on regular water ice
(H2O) [15,16]. The newly formed D2O2 molecules were
released at 163–181 K, whereas the oxygen molecules were
liberated at 149–155 K. The release temperature of O2 in
D2O is slightly higher than that in H2O ice (147–151 K)
[15]. Recall that molecular oxygen and deuterium signals
in the blank experiment originate from ion–molecule reac-
tions in the ionizer of the mass spectrometer [15]. The
newly formed D2 molecules were released between 80 K
and 145 K. At currents of 1000 nA and 10000 nA, addi-
tional weak D2 peaks were also observed at 15–30 K. This
early release of molecular deuterium likely originates from
newly formed D2 molecules close to the surface of D2O ice.

The results from the amorphous samples are displayed
in Fig. 4. The mass spectra of molecular oxygen and
D2O2 are similar to those of the crystalline ice samples.
The major differences are in the mass spectral profiles of
D2. Here, the D2 peak at 80–145 K is similar to those of
the irradiated crystalline ices. However, the amorphous
blank (0 nA) experiment has a D2 peak between 23 K
and 29 K (Fig. 4a), which has not been observed in the
crystalline experiments at 0, 10, 100 nA irradiation
(Fig. 3a–c). This peak probably originates from the resid-
ual D2 molecules adsorbed on the amorphous D2O ice sur-
face. It became stronger after the irradiation (Fig 4b–e),
indicating that a fraction of the newly formed D2 molecules
migrated to or closer to the surface. In the mass spectra of
amorphous D2O ice, an additional broad D2 peak also
showed up at 30–80 K (Fig. 4b–e); this peak is absent in
the crystalline ices. That peak probably arises from newly
formed D2 molecules trapped inside the pores of amor-
phous ices. Temperature annealing of amorphous ice
between 30 K and 80 K causes the collapse of the micro-
pores, thus, the D2 molecules trapped inside were released.
Laufer et al. [23] observed a similar peak in the experiment
about D2 molecules trapped in amorphous water (H2O) ice.

In order to compare the production rates of the newly
formed molecules in the crystalline versus the amorphous
ice samples, the ion currents of the newly formed D2, O2,
and D2O2 molecules were integrated and – accounting for
Table 1
The numbers of D2, O2, and D2O2 molecules (N) produced in cubic crystallin

Electron current N

(nA) (molecules)

Crystalline

D2 O2 D2O2

0 0 0 0
10 1.5 · 1015 >0 >4.7

100 9.1 · 1015 >0 >1.2
1000 1.6 · 1016 >9.2 · 1011 >2.1

10000 2.5 · 1016 >1.2 · 1013 >2.6

The uncertainty of the numbers for D2 is about ±20%.
the pumping speed and molecular masses – converted to
the number of molecules synthesized (N) [15]. The data
have been normalized with respect to the D2O mass spec-
tral intensities (m/z = 20) to correct the slightly different
sample thicknesses at different days. The data are summa-
rized in Table 1. The results in Table 1 indicate that the
production rate of D2 in amorphous ice is much higher
than that in crystalline ice. We are able to tell that more
O2 and D2O2 were produced in amorphous ice than in crys-
talline ice. The difference between amorphous and crystal-
line ice became smaller at high electron currents, i.e.,
1000 nA and 10000 nA, when the irradiation was satu-
rated. This is due to an effect of overlapping cascades [24]
underlining that simulation experiments should be con-
ducted at the lowest irradiation currents possible to mimic
the dilute, extraterrestrial irradiation field effectively.
4. Discussion

Our experiments suggest that the structure of the water
ice influences the production rates of molecular oxygen,
molecular hydrogen, as well as hydrogen peroxide under
irradiation. In order to understand the influence of the
crystal structure on the formation rates, it is useful to recall
how the newly-observed molecules are being synthesized.
Similar to the H2O system studied previously [15], we
expect that D2O can undergo an electron-induced unimo-
lecular decomposition via Eqs. (1) and (2). The deuterium
atoms can recombine to form molecular deuterium via
reaction (3). D2O2 could be formed through recombination
of two OD radicals (reaction (4)) or via electronically
excited oxygen atoms reacting with water – either via inser-
tion or through an oxywater intermediate (Eq. (5)). Molec-
ular oxygen can be synthesized either by recombination of
two oxygen atoms (reaction (6a)) or via decomposition of
the oxywater intermediate (reaction (6b)) [25].

D2OðX1A1Þ ! Dð2S1=2Þ þODðX2PXÞ ð1Þ
D2OðX1A1Þ ! Oð1DÞ þD2ðX1Rþg Þ ð2Þ
Dð2S1=2Þ þDð2S1=2Þ ! D2ðX1Rþg Þ ð3Þ
2ODðX2PXÞ ! D2O2ðX1AÞ ð4Þ
e and amorphous D2O ice by electron irradiation

Amorphous

D2 O2 D2O2

0 0 0
· 1013 5.6 · 1015 >0 >9.1 · 1013

· 1015 1.7 · 1016 >1.2 · 1013 >1.5 · 1015

· 1015 2.6 · 1016 >1.9 · 1013 >2.3 · 1015

· 1015 3.7 · 1016 >1.4 · 1014 >2.8 · 1015
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Oð1DÞ þD2OðX1A1Þ ! D2O2ðX1AÞ ð5aÞ

Oð1DÞ þD2OðX1A1Þ ! ½OOD2ðX1AÞ� ! D2O2ðX1AÞ ð5bÞ

Oð3PÞ þOð3PÞ ! O2ðX3R�g Þ ð6aÞ

D2OOðX1AÞ ! O2ða1DgÞ þD2ðX1Rþg Þ ð6bÞ

Besides the reaction channels to form new products, the
D and OD fragment can also recombine to form D2O mol-
ecules via reaction (7). This is a very important competing
pathway that influences the production rates of D2, O2, and
D2O2.

Dð2S1=2Þ þODðX2PXÞ ! D2OðX1A1Þ ð7Þ

Recall that in our recent study of the temperature-depen-
dence of the electron irradiation of crystalline water ice
[16], we found that the production rates of H2, O2 and
H2O2 decrease as the temperature rises. We suggested that
is due to the enhanced recombination rates of H and OH
fragments at higher temperature, i.e., a temperature depen-
dent, diffusion controlled reaction pathway. In the present
work, the formation rates of D2, O2, and D2O2 are system-
atically higher in the amorphous ice samples. This could be
due to the lower recombination rate of D and OD frag-
ments in the amorphous ice; this low recombination rate
could be the result of pores inside amorphous ice which
actually limit the diffusion and reaction (7) of the atoms/
radicals in the amorphous ices. As soon as a D2O molecule
close to the pores is dissociated via reaction (1) for exam-
ple, the D or OD fragments may diffuse quickly into the
empty space in the pores, therefore, reducing the chances
for the D and OD fragments to recombine with each other.
Andersson et al. [26] carried out a molecular dynamics
study on the photodissociation of water in crystalline (Ih)
ice. The authors found that the desorption of H atoms de-
creases from the first bilayer to the third bilayer; the frac-
tions of trapped H and OH species increase from the first
bilayer to the third bilayer; the corresponding H + OH
recombination was also found to increase from the first
to the third bilayer. According to momentum conservation,
most of the excess kinetic energy is obtained by the D atom
when a D2O molecule is dissociated to D and OD via Eq.
(1). The D atoms from the first molecular layer around the
cavities will be able to escape easily into the empty space in
the cavities and can diffuse around the cavity walls to
encounter a second D atom forming D2. A fraction of
the D atoms from the inner layers will also be able to es-
cape to the cavities. Therefore, the D + OD recombination
is likely reduced by the escaping of D atoms into the
micropores. In crystalline D2O, the fraction of D and
OD recombination via reaction (7) is much higher due to
the lack of micro pores. An alternative explanation of an
enhanced production of, for instance, D2O2, could be the
existence of lattice defects in amorphous water. Bednarek
et al. [27] found a higher yield of trapped HO2 radicals in
hyperquenched glassy water c-irradiated at 77 K. They
suggested that is the result of a high concentration of L-de-
fects in glassy water. Since L-defects exist in amorphous
water, but not cubic crystalline water ice, it is possible that
these L-defects also contribute to the higher production
rates of D2O2 in the amorphous D2O ice. Here, the L-de-
fects favor a recombination geometry of the OD radicals.
In detail, L-defects have two D2-water molecules orien-
tated in this way so that the oxygen atoms of the water
molecules neighbor each other, i.e., the existence of
[D2O � � �OD2] defects. Here, as soon as an impinging high
energy electron ruptures the O–D bonds of two neighbor-
ing D2O molecules in the L-defect geometry, a recombina-
tion of the OD radicals to D2O2 is favorable. This is in
strong contrast to crystalline water, in which the oxygen
atom of each water molecule is bonded via hydrogen bridge
bonding to a neighboring water molecule, i.e.,
[DOD � � �OD2]. This geometry could make the recombina-
tion of two OD fragments less likely compared to L-de-
fects. Finally, we would like to point out that Grieves
and Orlando [10] conducted similar studies on the electron
stimulated generation and trapping of D2 and O2 in amor-
phous and crystalline D2O ices. In their experiments, the
irradiation was conducted at 55 K utilizing 100 eV elec-
trons; the species released into the gas phase were moni-
tored with a quadrupole mass spectrometer during the
warm up process. These experiments showed that porous
amorphous ice exhibits higher yields of D2 and O2.

5. Summary and astrophysical implications

With the combination of the previous works on crystal-
line H2O ice [15,16] and this work on D2O ice, we can con-
clude that the production rates of H2, O2 and H2O2 in
irradiated crystalline water ice decrease with increasing
temperature, and the productions rates in amorphous ice
are higher than those in the crystalline ice. Since the sur-
faces of dust grains in cold molecular clouds and of objects
in Oort cloud are predominantly low temperature (10 K)
amorphous water ice, the concentrations of molecular
hydrogen, molecular oxygen, and hydrogen peroxide is
expected to be higher than those on the surfaces of Kuiper
Belt Objects such as Quaoar where crystalline water dom-
inates [28] if they have similar compositions and irradiation
exposure. Bar-Nun and Prialnik [29] suggested a potential
existence of a hydrogen coma around comets at heliocen-
tric distances larger than 4 AU. Our mass spectrometric
results support the idea that molecular hydrogen stored
in the pores of the amorphous water ice can be released
when the comets originated from Oort cloud first approach
the Sun.
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