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A B S T R A C T 

We report ultraviolet and far-vacuum ultraviolet (FUV) absorption spectra of solid molecular oxygen recorded o v er the wavelength 

region 110–365 nm for temperatures between 9 and 30 K, in which the light source was dispersed from a synchrotron. The 
UV/FUV spectra of solids O 2 deposited at various temperatures appeared distinctly different profiles due to variation of 
compositions of α-O 2 , β-O 2 , and the imperfect crystal structure at the specific temperature; in addition, the icy sample exhibited 

its own scattering curve deposited at specific temperature. Resolved from the thermal ramping technique, the absorption spectra 
of solids α-O 2 and β-O 2 were established in the wavelength region 110–250 nm at 9 and 30 K, respectively, for the first time. 

Key words: molecular data – ISM: molecules – methods: laboratory: molecular – methods: laboratory: solid state – ultraviolet: 
ISM. 
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N T RO D U C T I O N  

olecular oxygen, O 2 , is one of the most important chemical species
n astrochemistry and astrobiology, both due to its anticipated role in
he synthesis of more complex species and as a potential biomarker
or photosynthetic-derived life. Accordingly, the search for O 2 in
ifferent regions of space continues to be an active research area.
o date, O 2 has been observed in the molecular cloud ρ Ophiuchi
Larsson et al. 2007 ), in the interstellar medium (ISM) of Orion
Goldsmith et al. 2011 ), and in the protostar IRAS 16293–2422
 (Taquet et. al. 2018 ). In addition, the ROSINA-DFMS mass

pectrometer on board the Rosetta spacecraft identified O 2 in the
oma of comet 67P/Churyumov–Gerasimenko (Bieler et al. 2015 ). 

In space, O 2 may exist in various phases depending upon the
hysical conditions within which it is found. O 2 in the solid (ice)
hases has been studied in the laboratory (Johnson & Jesser 1997 ;
ooper, Johnson & Quickenden 2003 ) and has been shown to have

ix crystalline phases (Freiman & Jodl 2004 ) created under different
emperature and pressure condtions. At the very low pressures,
ypical of the ISM, the α- and β-phases are expected to be formed.
he α-phase is expected below 23.8 K and has a monoclinic crystal
tructure, while the β-phase is expected to form below 43.8 K with
 rhombohedral crystal structure. The photoabsorption spectrum
f each phase may provide a distinctive ‘fingerprint’ for each
hase that can be used to identify the temperature of such ices in
emote observations. Although the spectra of solid oxygen have
 E-mail: bmcheng7323@gmail.com 
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Commons Attribution License ( http:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
een e xtensiv ely studied in the IR re gion (Smith, Keller & Johnston
950 ; St. Louis & Crawford Jr. 1962 ; Cairns & Pimentel 1965 ;
inenko et al. 2000 ; Lo et al. 2022 , 2023b ) and in the visible region

Landau, Allin & Welsh 1962 ; Lo et al. 2022, 2023a , 2023b ), the
ar -vacuum ultra violet region (FUV) spectra of α, β-oxygen remains
o be characterized (Lu et al. 2008 , 2010 ). 

In this work, we extend our previous work investigating the mid-
R, near-IR, and visible spectra of O 2 ice to shorter wavelengths
110 nm) in the FUV region. In the laboratory, the α-O 2 and β-O 2 

hases usually co-exist in icy mixtures at low temperatures, such
hat, to date, no isolated FUV absorption spectra for the α- and β-O 2 

hases have been reported yet. Therefore, in this work we aimed to
esolve the FUV absorption of solids α- and β-O 2 . 

XPERI MENTAL  A P PA R AT U S  

he apparatus has been described in detail previously (Lu et al., 2005 ;
hou et al., 2014 ), so only the most salient features are described
ere. UV/FUV absorption spectra of solid O 2 were recorded in the
V and FUV regions from 365 to 110 nm using beamline 03 (BL03)
n the Taiwan Light Source (TLS) at the National Synchrotron
adiation Research Center (NSRRC) in Taiwan. The BL03 beamline
as a cylindrical-grating monochromator (CGM, 6 m) complete with
our gratings; in this work, a grating with 450l/mm was selected to
ro vide light o v er the wav elength range 100–365 nm. To monitor the
ntensity of the UV/FUV light from the grating, the dispersed light
as passed through a 90 per cent transmitting gold mesh and recorded
ith an electrometer (Keithley 6512); subsequently, the transmitted

ight passed through a LiF window acting as a harmonic filter. The
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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Figure 1. Absorption spectrum of O 2 ice deposited at 9 K o v er the wavelength range 115–365 nm. 
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ispersed radiation was incident on O 2 icy samples, deposited upon 
 LiF window substrate, with the beam being of nearly rectangular 
ross-section, ∼8 × 5 mm 

2 , and a mean flux 2 × 10 11 photons s −1 .
fter passing through the ice film and substrate, the transmitted 

ight impinged upon a glass window coated with sodium salicylate, 
he fluorescence from which was recorded with a photomultiplier 
Hamamatsu R943) operated in a photon-counting mode. 

Transmission spectra were recorded without and with icy samples 
ith a typical spectral resolution of 0.2 nm. The photoabsorption 

pectra were then derived in absorbance units; the absorbance = –
og (transmission) = –log ( I / I o ), where I and I 0 are the intensities of
he transmitted light with and without icy samples, respectively. 

The ice samples were formed by depositing high (99.999 per cent) 
urity gaseous O 2 passed through a coil cold trap immersed in 
 liquid-nitrogen bath to remo v e an y contaminants and nascent
ater, onto the LiF window attached to a rotary cryostat (APD HC -
E204S), which could be cooled to as low as 9 K. The temperature
f the sample was regulated by a temperature controller (Lake Shore 
40) with the ice being heated or cooled at a rate of 1 K min −1 . 
The gaseous O 2 was obtained from Matheson with a nominal 

urity 99.999 per cent. 

ESU LTS  A N D  DISCUSSION  

he lowest temperature that could be maintained by the cryostat for
he measurement of the photoabsorption of the O 2 ice sample was 
 K, Fig. 1 shows the photoabsorption spectra for O 2 ice between
15 and 365 nm at 9 K. As in our previous work (Lu et al. 2008 ;
i v araman et al. 2014 ; Chou et al. 2018 ) a broad-band is located
etween 115–200 nm with a strong peak at about 137 nm and a
houlder near 173 nm in the UV/FUV re gion. Be yond 200 nm, the
bsorption is weak and becomes monotonously faint to 365 nm. For
his reason, we performed the measurements with thicker samples to 
tudy the wav elength re gion greater than 200 nm, we then normalized
he o v erlapping re gions to produce the absorption curve as shown in
ig. 1 . 
In comparison with gas-phase photoabsorption spectra, O 2 in the 
UV and near regions is expected to reveal the Herzberg continuum
etween 200 and 242 nm, the Schumann–Runge bands between 175 
nd 200 nm, the Schumann–Runge continuum between 130 and 
75 nm, excitation to the state E 

3 � u 
− at 124.4 nm, and the a 1 � g 

tate at 120.5 nm (Metzger & Cook 1964 ; Hudson, Carter & Stein
966 ; Huffman 1969 ; Og awa & Og awa 1975 ; Gibson et al. 1983 ;
ang et al. 1987 ; Yoshino et al. 2005 ; Lu et al. 2010 and references

here in). In the FUV region, the photoabsorption spectra of gaseous
 2 consists of both discrete lines and continuum bands; whereas, 

he absorption of solid O 2 ice formed at 9 K has shown a continuum
rofile with a maximum at 137 nm and a shoulder near 173 nm. 
Previous work (Lo et al. 2022 , 2023a , 2023b ) using the end-station

t beamline BL21A2 at TLS measured absorption spectra of solid O 2 

n the near IR, visible and ultraviolet regions. Combining the data in
ig. 1 with this earlier data, we have created the composite spectrum
hown in Fig. 2 , which displays the resultant absorption curve of
 2 ice deposited at 9 K in the wavelength region 115–1020 nm. Due

o great variation in the absorption cross-sections, we present the 
bsorption on a log scale. The strong absorption of O 2 ice in the
UV region is about two orders greater than that in the UV region,
nd the latter is almost two orders higher than that in the visible and
ear IR regions. 

Fig. 2 also shows a strong fringe pattern in the wavelength 
egion between 650 and 1020 nm. These fringes occur because of
nterference due to the thickness of the solid O 2 ice. The separations
f the fringes have values between 301 and 305 cm 

−1 . Two factors
ffect the separation of the fringes; the refractive index and the
hickness of the icy samples. If we assume the refractive index of solid
 2 to be 1.30 (Rocha & Pilling 2014 ), we can derive the thickness
f the icy O 2 to be 12.2 ± 0.2 μm (Lo et al. 2023b ). Based on the
alue of this thickness and that the strong absorption band is 1/600
n FUV region, we estimate the thickness of the O 2 ice in the present
V/FUV studies to be 20 ± 5 nm. 
As indicated in our previous work, the intensities and profiles of

R, near-IR, and visible spectra of solid O 2 depend strongly on the
MNRAS 529, 4818–4823 (2024) 



4820 J.-I. Lo et al . 

M

Figure 2. Absorption spectrum of O 2 ice deposited at 9–10 K o v er the wavelength range 115–1020 nm. The curve in the region 350–1050 nm is adapted from 

Lo et al. 2022 and 2023. 
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eposition temperature of the icy samples therefore we studied the
pectra of solid O 2 at shorter wavelengths in FUV region. Fig. 3
isplays the absorption spectra of O 2 ice deposited at 10, 15, 18,
1, 24, 27, 30, and 32 K, respectively, in the wav elength re gion 114–
50 nm. The triple point of O 2 is 54.36 K; thus, it is possible for O 2 to
xist as an ice below 54 K. Ho we v er, the e xistence of solid O 2 at low
emperature is dependent on the experimental conditions and systems
n laboratory, especially the cooling power of the cryostat and the
onductance of the pumping system (Bennett & Kaiser 2005 ). In this
ork, we obtained no absorption of solid O 2 for samples deposited at
2 K, as shown in Fig. 3 (h); hence, we could only record the spectra
f O 2 ices in the temperature range 9–30 K in this work. 
In Fig. 3 , each spectral curve of O 2 ice at a specific temperature

as measured with different thicknesses of samples to ensure similar
bsorbance. In the strong absorption region wavelength region
shorter than 200 nm), thin O 2 ices were used with thicknesses
stimated about 20–30 nm whereas to impro v e the signal to noise
atios for the weak absorption at longer w avelengths, thick er O 2 ices,
s much as 2 μm, were used. All the spectra were normalized using
alues intergrated in the wavenumber region 87 720–40 000 cm 

−1 ,
14–250 nm, with the assumption that the corresponding oscillator
trengths are the same for O 2 ices deposited at temperatures between
0 and 30 K. By these means, we derived the absorption spectra of
 2 ices deposited at the different temperatures as shown in Fig. 3 .
otedly, Fig. 3 (h) exhibits almost no residue curve; this result hints

hat the O 2 sample contains no detectable impurity. Also, as pro v en
rom the previous IR spectra, the solids O 2 possessed no detectable
 2 O, CO 2 , and other impurity e xisted in the ic y samples (Lo et al.
022 ); so that, the target ices with implemented special precautions
ould remo v e the possible contaminants in O 2 ices. Consequently,
he alteration of the spectral features in these spectra are associated
nly with different structural compositions for molecular oxygen at
arious temperatures. 

A significant change in the photoabsorption spectrum is seen as
he temperature increases with the emergence of a strong second
eak abo v e 170 nm at temperatures abo v e 21 K, a peak that shifts
o higher wavelengths as the temperature increases to 30 K. In order
NRAS 529, 4818–4823 (2024) 
o understand the presence of this second peak, we can reference
hanges in the IR spectra o v er the same temperature range (Lo
t al. 2022 , 2023b ). According to previous work, solid α-O 2 , the
mperfect (amorphous) structure of O 2 ice, and solid β-O 2 can exist
t the deposited temperatures ≤24, ≤27 K, and between 24–30 K.
hus, the O 2 ices might contain compositions of solids α-O 2 , β-
 2 , and the imperfect (amorphous) structure at different deposited

emperatures below 30 K. We suggest that the spectral curves shown
n Figs 3 (a), (b), (c), and (d) deposited at 10, 15, 18, and 21 K,
espectively, might constitute absorption data of the solid α-O 2 and
he imperfect (amorphous) structure of O 2 ice, in which, the imperfect
 2 lattice occurred most strongly at 10 K and became weaker at
igher temperatures. Considering that the absorption band 137 nm
as the most intense at the deposited temperature 10 K and appeared

o decrease at higher deposited temperatures, we assume that the
37 nm band might be associated with the presence of the imperfect
 2 lattice; whereas, the shoulder near 173 nm might arise from the

olid α-O 2 . 
At the phase transition temperature, 24 K, the deposited solid

ample could contain the α-O 2 , the imperfect lattice ice and in
ddition solid β-O 2 . At 27 K, the O 2 ice consists of the imperfect
attice and the solid β-O 2 without the α-O 2 ; the resultant absorption
urve is displayed as Fig. 3 (f). At 30 K, the icy sample possesses only
he solid β-O 2 , whose absorption spectrum is shown in Fig. 3 (g),
ith the maximum band at about 185 nm and the broader band near
40 nm. 
It should be noted that the absorption curves possess long tails

eyond 195 nm at deposition temperatures abo v e 24 K. These might
e due to strong light scattering effects at higher deposition tem-
eratures. In order to remo v e these effects and present pure ice
hotoabsorption spectra, we deposited O 2 at 9 K and then warmed
p the substrate to 30 K, Fig. 4 (a). This spectrum has a much
educed tail in the long wavelength region compared to Fig. 3 (f).

e therefore conclude that Fig. 4 (a) can represent the UV/FUV
bsorption spectrum of the solid β-O 2 at 30 K; its absorption bands
re at 144 and 166 nm. Next, we re-cooled the icy sample to 9 K
nd obtained the spectrum at 9 K as displayed in Fig. 4 (b), which
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Figure 3. Absorption spectra of O 2 ice deposited at (a) 10, (b) 15, (c) 18, (d) 21, (e) 24, (f) 27, (g) 30 and (h) 32 K o v er the wavelength region 114–350 nm. 

Figure 4. Absorption spectra of O 2 ice o v er the wavelength region 110–250 nm, deposited at 9 K then, (a) warmed to 30 K and (b) re-cooled to 9 K 
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epresents the UV/VUV absorption spectrum for the solid α-O 2 at 
 K. The UV/VUV absorption spectra for both solids α- and β-O 2 

ppear very similar in their profiles. 
To confirm the characteristic spectra for these solid phases, we 

armed up a 9 K ice to 30 K and re-cooled down to 9 K, hence we
epeatedly recorded spectra from the solid β-O 2 at 30 K and the
olid α-O 2 at 9 K as displayed in Figs 5 (a) and (b), respectively. The
V/VUV absorption curves in Figs 4 and 5 for α- and β-O 2 agree
ithin expected experimental errors, and therefore we believe that 

he obtained spectra are representative of these two solid phases. 
Using our previous data in the visible, near-IR and IR regions,
e create absorption spectra for solid O 2 o v er the wav elength range
etween 110 and 20 000 nm, Fig. 6 . Overall, the absorption of α-
nd β-O 2 are similar o v er this e xtended wav elength re gion 110–
0 000 nm; but are different from the solid O 2 deposited at 9 K. Fig. 6
an pro vide semiquantitativ e information of absorptions for solids 
- and β-O 2 in the wavelength range 110–20 000 nm; for example,

he absorptions of solids α- and β-O 2 in the FUV region are at
east three to four orders of magnitude greater than those in the IR 

egion. 
MNRAS 529, 4818–4823 (2024) 
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Figure 5. Absorption spectra of O 2 ice in the wav elength re gion 110–250 nm, deposited at 9 K, warmed to 30 K, and re-cooled to 9 K then (a) warmed to 30 K 

again and (b) re-cooled to 9 K again. 

Figure 6. Relative absorption spectra of solid α-O 2 at 9 K, solid β-O 2 at 30 K, and O 2 deposited at 9 K in wavelength ranges 110–250, 450–1020, and 
2000–20 000 nm (5000–500 cm 

−1 ). Note: there is no data for α- and β-O 2 in the wavelength range 250–450 nm and 1020–2000 nm. 
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O N C L U S I O N S  A N D  R E L E VA N C E  TO  

ST ROCHEMISTRY  

he absorption spectra of O 2 ices o v er the UV/FUV wavelength
ange 110–350 nm for temperatures between temperatures 9 and
0 K have been measured. Spectra show the presence of both α-
 2 and β-O 2 ice as well as imperfect/amorphous ice. Through
 heating/cooling (annealing) cycle, the individual spectra of
-O 2 and β-O 2 ice were determined and found to be very 
imilar. 

These results have consequences for astronomy and planetary
cience. Irradiation of O 2 ice by energetic FUV light may trigger
hemical reactions to form complicated astronomical molecules, and
hat may play a key in the prebiotic chemistry leading to the origin of
NRAS 529, 4818–4823 (2024) 
ife in space (Ward et al. 2019 ). The different photoabsorption spectra
or α-O 2 , β-O 2 , and amorphous ice will result in different O atom
ields, which, in turn, may affect chemical pathways and rates. We
hus suggest that the previous work on the chemistry of irradiated
olid O 2 (Ennis & Kaiser 2012 ; Si v araman et al. 2014 ; Zhen &
innartz 2014 ; Chou et al. 2018 ; Lo et al. 2018a, 2018b ; Leroux &
rim 2021 ) be revisted to determrine the role of photoabsorption in
ifferent O 2 ice phases. 
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