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Abstract

Acetone and butanone were seen to emit blue light around 450 nm when excited in the green by a high intensity pulsed laser.
The pathway of this anti-Stokes emission is believed to be multiphoton absorption followed by phosphorescence, with emis-
sion being observed in the samples at cryogenic temperatures below their melting point and not seen from either ketone in
their cold liquid state. Given the widespread nature of these simple ketones in off-world bodies and their potential importance
as an organic resource for Space Resource Utilization, signals which enable the identification and tracing of these materials
are of use in applications from remote sensing and mapping to monitoring during extraction processes. While the excitation
process has a low efficiency, the ability to use visible light for sensing of these targets has advantages over UV sources, such

as the wider availability of high-powered lasers which could be utilized.
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Introduction

Understanding the chemical make-up of off-earth bodies is
crucial for expanding our comprehension of the solar sys-
tem; informing both on the origins of life on earth, as well
as the potential to access off-world resources to support fur-
ther exploration and utilization through the system—Space
Resource Utilization (SRU). A key component of this search
is determining the organic compounds found in asteroids,
particularly carbonaceous chondrites that contain increased
quantities of organic compounds. Amongst those com-
pounds, ketones are of particular interest as they are believed
to be an essential building block in the abiotic formation
[1-3] of more complex molecules such as amino acids that
are detected in carbonaceous chondrite samples [4, 5].
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Carbonaceous chondrites have been found to typically
be comprised of 2% organic carbon compounds by weight,
sometimes measured as high as 6% [6, 7]. In this family
of meteorites, the simplest ketones—acetone and butanone
(methyl ethyl ketone)—have been consistently detected in
samples recovered on Earth [8]. The most well studied of
fallen carbonaceous chondrites is the Murchison meteorite,
a CM2 type chondrite containing 2.7% by weight carbon [7].
This chondrite sample has been measured to contain several
hundred ppm of ketone and aldehyde compounds [9, 10], in
which acetone and butanone are the most abundant ketones
[1, 8-10].

Detection and identification (characterization) are
both critical steps in assessing space objects as targets
for resource extraction. Simple ketones themselves are a
resource target, given their volatility, high oxygen to carbon
ratio and chemical functionality. Effective stand-off detec-
tion would enable mapping and quantification of simple
ketones where they exist in off-world bodies, most notably
in C-type asteroids — asteroids of equivalent composition to
recovered carbonaceous chondrites — but also potentially on
planets, moons and small solar system bodies.

The standard technique for remote analysis of asteroids is
reflectance spectroscopy, which detects absorption bands of
the surface materials. While an increasingly popular target
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of this technique is the 2.7 and 3 pm bands to probe for the
presence of water [11-13], most asteroids are only observed
in their reflectance across 0.7 to 2.45 pm [14, 15].

While the fundamental carbonyl stretching frequency
around 5.5 pm could be observed through similar measure-
ments [16], often this spectral region is saturated with ther-
mal emission [13, 17]. Additionally, these measurements are
unable to differentiate differing carbonyl compounds. While
a total carbonyl yield could be obtained, reflectance spec-
troscopy will always lack the ability to specifically distin-
guish ketones as other carbonyl compounds (such as formic
and acetic acid) are also present in carbonaceous chondrites
[10].

Another way in which chemicals and resources have
been proposed to be sensed in space is through fluorescent
imaging [18-20]. Fluorescence or phosphorescence, where
it exists, can be bright and highly indicative of a particular
target [21, 22], enabling both qualitative and quantitative
analysis to be done remotely [23-25].

In this study, a high intensity pulsed visible light laser
is used to induce shorter wavelength (multiphoton upcon-
version) emissions from simple ketones in their solid state
at cryogenic temperatures. The ability to undertake mul-
tiphoton upconversion sensing using high-powered visible
wavelength lasers has the potential to create another mode
of active sensing for small observational crafts that are map-
ping or searching for resources. Utilizing visible lasers for
excitation has advantages over contemporary ultraviolet
sources, such as a wider availability of available high power
laser sources, which could see them being used despite the
low excitation efficiencies associated with this multiphoton
absorption step.

Experimental Design

The optical setup is depicted in Fig. 1. For the excitation
scan and emission spectra, the sample was excited by an
optical parametric oscillator (OPO), driven by a flashlamp-
pumped 5 ns 1064 nm Nd:YAG laser at 10 Hz (OPOTEK
‘Radiant’ HE 355). The temperature and power dependence
were measured in a similar setup utilizing a different OPO,
driven by a flashlamp-pumped 5 ns 1064 nm Nd:YAG laser
at 20 Hz (OPOTEK ‘Opolette’ HE 355). Lifetime measure-
ments were conducted using the Opolette laser and a Hama-
matsu R928 photomultiplier tube through a monochromator.

The direct output from the Radiant OPO laser contained
several parasitic beams that were removed before reaching
the sample. Two short pass filters (Semrock BrightLine,
715 nm blocking edge) were used to remove both pump light
at 1064 nm and parasitic idler wavelengths in the range of
800—1250 nm. These filters also served to remove leaked
355 nm pump light from the beam. Two Glan-Laser calcite
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Fig. 1 The optical pathway for the excitation and emission detection
for the samples in the cryogenic stage

polarizers were used to further remove parasitic idler laser
emissions including 532 nm pump light from the beam, such
that no other laser lines other than the selected 500 nm to
670 nm signal wavelength range was incident on the sample.
The high spectral purity of the laser source allowed confi-
dence that the observed sample emissions were not being
induced by parasitic laser lines, such as leaked UV light.

The energy of the laser was quantified during each meas-
urement with a flip-out energy meter, averaged over 10
pulses. The measured emission intensity was then normal-
ized to the changing intensity of the laser as it was scanned
over the excitation range (Fig. S1).

The beam spot was maintained on the sample by a motor-
ized mirror, which made small pre-determined adjustments
to compensate for any drift in the beam position as the OPO
scanned across different signal wavelengths.

A fiber-coupled Princeton Instruments Acton SpectraPro
Sp-2300 Spectrometer with a cooled PIXIS 100 CCD was
used to collect emission spectra. To improve the signal to
noise ratio, the CCD pixels were hardware binned in groups
of 4. The spectrometer was wavelength calibrated with a
mercury gas discharge lamp.

Two short-pass filters (Semrock BrightLine, 532 nm
blocking edge) were placed in the fiber collection optics to
prevent diffraction grating artefacts from the longer wave-
length excitation laser.

The sample was imaged using a Princeton Instruments
ProEm 1024BX3 Electron multiplied CCD (EMCCD) with
a 60 mm macro lens and two short pass filters (Semrock



Journal of Fluorescence (2022) 32:1051-1057

BrightLine, 498 nm blocking edge). Sample imaging with
the EMCCD confirmed that the detected light was originat-
ing from the sample and also ensured that the laser beam
spot did not drift away from the sample during the scans.

Temperature was maintained at 163 +0.2 K using an
Instec HCS622V thermal stage, cooled by liquid nitrogen.
A nitrogen atmosphere was maintained above the sample
by the stage system during the excitation process, with the
sample undergoing several freeze—thaw cycles under the
nitrogen atmosphere prior to analysis. The nitrogen gas was
also utilized to prevent moisture from condensing on the
stage’s optical window during experiments.

Acetone and butanone (2-butanone, methyl ethyl ketone)
were spectroscopic grade (Sigma Aldrich) and used neat.

Results

Acetone and butanone have no notable absorbance bands in
the visible region, yet the excitation spectrum of both frozen
acetone and butanone exhibits a peak at 555 to 560 nm for
emission in the blue region (Fig. 2). This excitation peak
corresponds to half the energy of the peak S, — S; absorb-
ance in the UV region at 275 nm for both materials [26-28].
The excitation pathway is therefore multiphoton absorption,
in which the molecule is promoted to the same excited state
as with UV excitation through the ‘simultaneous’ absorption
of two photons of green light via a virtual state. This non-
linear effect with low transition probability can be observed
due to the high laser pulse intensities used [29]. The non-
linear dependency is demonstrated in Fig. 3 with a slope of
over 2. A power dependency slope of this magnitude shows
the process requires twice as many photons for excitation
than for emission, as is the case for the green to UV mul-
tiphoton absorption.
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Fig.2 Excitation spectra of acetone and butanone, frozen at 163 K.
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Fig.3 Power dependence plot of acetone at 163 K, excited by 545 nm
pulses. Pulse energy was varied by rotation of a Glan-Laser polariser

The emission spectra for both samples are broad and peak
at approximately 440 nm, which are presented in Fig. 4. This
emission profile corresponds well to previously recorded
phosphorescence spectra of liquid acetone recorded at room
temperature under UV excitation [30-32], where the peak
emission occurs at 455 nm. Only a minor blue shift is seen
on comparison between room temperature and frozen sam-
ples, which reflects the lack of shift seen in the main excita-
tion peak in Fig. 2, situated at twice the wavelength of the
room temperature UV absorbance peak.

The lifetime of the multiphoton acetone emission was
measured to be 830+ 10 us at 123 K (Fig. S2). This corre-
sponds well to previously measured acetone phosphorescent
lifetimes of 700 us seconds at 175 K and 1.0 ms at 77 K,
excited in the UV [30]. An excited state lifetime of this mag-
nitude confirms that the emission signal being observed is
phosphorescence.
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Fig.4 Emission from acetone and butanone at 163 K when excited at
their peak excitation wavelength (556 nm). Spectra collected through
two 532 SP filters, and normalised to the peak value
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Multiphoton phosphorescence was not observed in either
sample above their melting point. Figure 5 shows this loss of
signal in acetone as the melting point is reached, best seen in
the logarithmic scale. The emission intensity decreases as a
function of temperature, but interestingly a change in the rate
of decrease was seen at approximately 160 K, best seen in the
linear scale of Fig. 5. This change was present regardless of
whether the temperature was increased or decreased over this
range during the experiment. Changes in the dielectric con-
stant and heat capacity of solid acetone over this range [33]
have been attributed to shortening of intermolecular carbonyl
distances and increased electrostatic interactions [34], which
may also play a role in the yield of the emission pathway.
Additionally, a metastable orthorhombic C-centered phase
has been observed just below the melting point of acetone
through crystallography [34] and neutron scattering meas-
urements [35]. Therefore, the measured change in the tem-
perature dependence of emission intensity at 160 K may also
be due to a phase change in the material back to the stable
primitive orthorhombic phase.

Discussion

The similarities of the emission and excitation profile of
acetone and butanone do not permit discrimination between
the two, but demonstrate the capability to act as an indicator
of the presence of these simple ketone molecules. In both
molecules, the S; —> S, transition is a forbidden n —> *
transition, where poor orbital overlap and orbital symmetry
therefore result in a low molar absorptivity of approximately
10-15 L/mol cm [36, 37]. The value slightly increases to
approximately 20 L/mol cm upon cooling to 77 K [37].
The fluorescence quantum yield of acetone at room tem-
perature in fluid solution is reported to be approximately
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Fig. 5 Emission intensity from acetone excited at 545 nm as tempera-
ture is increased, shown in both linear (blue, left axis) and logarith-
mic (red, right axis) representation. The melting point of acetone is
highlighted by the dashed line at 177.7 K
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0.01 [30, 38]. Phosphorescence yields in room temperature
degassed solvents were less than 0.003 [37] which increase
at 77 K (with acetone as a rigid organic glass) to approxi-
mately 0.03 [30]. The small energy gap between the S,
excited state and the T| manifold [37] as well as the for-
bidden nature of the S; —> S, transition makes intersystem
crossing (S; —> T) extremely favorable, approaching a @
value of 1 [39] independent of temperature [30]. Because of
this, phosphorescence is known to dominate fluorescence
in the condensed state [31]. Lifetimes of excited states and
the fluorescence to phosphorescence ratio is significantly
different for acetone in the vapor state [27, 40].

The phosphorescence detected from the frozen ketone
sample was weak in comparison to the high intensity input
laser pulses, even considering the low reported quantum
yields. The multiphoton process is inefficient due to the low
absorptivity at the input light wavelength, therefore reso-
nance enhancement is expected to be minimal [29, 41]. This
can be noted as well in Fig. 3, which shows no evidence of
the excitation process becoming saturated despite the use of
high intensity pulses.

A multiphoton absorption step therefore places a con-
straint on the efficiency of the detection of ketones by fluo-
rescence or phosphorescence. A multiphoton process has an
identical emission pathway and quantum efficiency in com-
parison to the single photon process once the S; excited state
is reached [42], so the true quantum yield of the multipho-
ton process remains the reported value of ¢,,,,=0.03. Poor
absorption of the visible light is expected to be accountable
for several orders of magnitude loss in efficiency in regard
to emission signal produced for the amount of laser intensity
used during excitation [42].

Application to Off-world Bodies

Detection of the ketone samples was possible due to low
temperatures enhancing and enabling the emission pro-
cesses. In this way, emission signatures that are absent under
room temperature conditions can be observed from the cold
organic solids. This is of particular relevance to off-world
bodies, which usually have substantial regions with a surface
temperature below the freezing point of the organic sensing
targets [13, 43], even at distances as short as 2 AU [44].
Fluorescence and phosphorescence in organic mol-
ecules including ketones are readily induced with wave-
lengths in the UV, however laser wavelengths in the visible
range are much more accessible for use in space. Excita-
tion sources producing light in the green, such as diode
pumped fiber lasers, are capable of high intensities while
remaining lightweight and relatively simplistic [45-47].
An excitation system which has been suggested for use
off-world utilizes the frequency multipliers of a 1064 nm
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laser [48]. While the 266 nm fourth harmonic can be made
available for sensing through this system, our research
shows that the 532 nm second harmonic also can play the
key role, with signal emissions being blue shifted from
the laser line (Fig. 6). Low efficiency processes on the
sensing target such as a multiphoton absorption step can
be overcome through the much-increased intensity readily
available at visible laser wavelengths such as the 532 nm
harmonic.

Further work is required to determine how well this
technique could enable selective sensing of ketones against
other carbonyl molecules, such as formaldehyde [49], car-
boxylic acids [50], and carboxylate salts [51].

The two similar molecules of acetone and butanone
could not be differentiated in this work by luminescence
sensing, with many similar molecules likely to be indis-
tinguishable in regards to their excitation and emission
properties. Changes to functional groups and larger varia-
tions in molecular structure however are expected to pro-
duce discernable alterations to the spectral and temporal
characteristics of the emission. Different peak excitation
wavelengths could also allow for some degree of selective
excitation of particular organic molecules. Remote differ-
entiation between similar carbonyl molecules or selective
detection of a carbonyl target would prove to be a tre-
mendous advantage that is currently unmatched by other
remote sensing techniques.
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Fig.6 EMCCD image of butanone through the temperature stage
window. Excitation at 532 nm, imaging through two 498 nm short
pass filters. The optical window is 1 inch in diameter

Conclusion

Light emission was induced from frozen acetone and
butanone samples with a pulsed laser in the visible region,
believed to be multiphoton absorption followed by phos-
phorescence. This emission signature was not observed
in cold liquid samples but was readily observed once
the samples had frozen, the state they would occupy in
many off-world small solar system bodies. While the
overall efficiency of this excitation process is low, using
visible lasers to drive multiphoton fluorescence or phos-
phorescence should be viable due to the availability of
high powered, robust visible light sources. The ability to
selectively target ketone species without the use of UV
is a great advantage and adds to the rapidly progressing
field of material-specific sensors helping to explore and
understand the solar system.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10895-022-02912-7.

Acknowledgements The authors thank Spectragryph [52] for the
Academic license to their software, used during routine analysis. The
authors also thank Resonate Systems Pty Ltd for their tireless assis-
tance in the construction of the laser and spectrometer software control
system.

Author’s Contributions All authors contributed to the study conception
and design. All authors assisted in the initial design and construction
of the optical equipment, with specific data collection conducted by T.
de Prinse and E. Klantsataya. Manuscript was written by T. de Prinse,
with review from all authors.

Funding Open Access funding enabled and organized by CAUL and
its Member Institutions This work was supported by a Commonwealth
Government Department of Defence, Next Generation Technologies
Fund, Grand Challenge—Counter Improvised Threats (CIED) grant.
Optical equipment utilized was obtained with additional funding
through the CRC Optimising Resource Extraction (ORE) and a LIEF
grant (code LE140100042). J. Moffatt received funding through an
Australian Government Research Training Program (RTP) scholar-
ship and T. Payten received the Australasian Institute of Mining and
Metallurgy Education Endowment Fund (EEF) Postgraduate Research
Scholarship 2020.

Data Availability The unprocessed datasets generated during this study
are not publicly available due to funding agreements with the Common-
wealth Government Department of Defence, but may be made available
from the corresponding author on reasonable request.

Code Availability Code used to process the raw data is not publicly
available.

Declarations

Ethics Approval Ethics approval was not required.

Consent to Participate Not applicable.

@ Springer


https://doi.org/10.1007/s10895-022-02912-7

1056

Journal of Fluorescence (2022) 32:1051-1057

Consent for Publication Not applicable.

Conflicts of Interest/Competing Interests All authors have no relevant
financial or non-financial interests to disclose.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

10.

11.

12.

13.

Simkus DN, Aponte JC, Hilts RW, Elsila JE, Herd CDK (2019)
Compound-specific carbon isotope compositions of aldehydes
and ketones in the Murchison meteorite. Meteorit Planet Sci
541:142-156

Lerner NR, Peterson E, Chang S (1993) The Strecker synthesis
as a source of amino acids in carbonaceous chondrites: deute-
rium retention during synthesis. Geochim Cosmochim Acta
5719:4713-4723

Cronin JR, Cooper GW, Pizzarello S (1995) Characteristics and
formation of amino acids and hydroxy acids of the Murchison
meteorite. Adv Space Res 153:91-97

Burton AS, Berger EL (2018) Insights into abiotically-generated
amino acid enantiomeric excesses found in meteorites. Life 82:14
Burton AS, Stern JC, Elsila JE, Glavin DP, Dworkin JP (2012)
Understanding prebiotic chemistry through the analysis of extra-
terrestrial amino acids and nucleobases in meteorites. Chem Soc
Rev 4116:5459-5472

Sephton MA (2002) Organic compounds in carbonaceous mete-
orites. Nat Prod Rep 193:292-311

Pearson VK, Sephton MA, Franchi IA, Gibson JM, Gilmour I
(2006) Carbon and nitrogen in carbonaceous chondrites: Elemen-
tal abundances and stable isotopic compositions. Meteorit Planet
Sci4112:1899-1918

Jungclaus GA, Yuen GU, Moore CB, Lawless JG (1976) Evidence
for the presence of low molecular weight alcohols and carbonyl
compounds in the Murchison meteorite. Meteoritics 113:231-237
Aponte JC, Whitaker D, Powner MW, Elsila JE, Dworkin JP
(2019) Analyses of aliphatic aldehydes and ketones in carbona-
ceous chondrites. ACS Earth Space Chem 33:463—472

Aponte JC, McLain HL,, Simkus DN, Elsila JE et al (2020) Extra-
terrestrial organic compounds and cyanide in the CM2 carbona-
ceous chondrites Aguas Zarcas and Murchison. Meteorit Planet
Sci 557:1509-1524

Mastrapa R, Sandford S, Roush T, Cruikshank D, Dalle Ore C
(2009) Optical constants of amorphous and crystalline H2O-ice:
2.5-22 pm (4000—455 cm-1) optical constants of H20-ice. Astro-
phys J 701:1347

Campins H, Hargrove K, Pinilla-Alonso N, Howell ES et al (2010)
Water ice and organics on the surface of the asteroid 24 Themis.
Nature 4647293:1320-1321

Coradini A, Capaccioni F, Erard S, Arnold G et al (2011) The
surface composition and temperature of asteroid 21 Lutetia as
observed by Rosetta/VIRTIS. Science 3346055:492—494

@ Springer

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Miyamoto H, Hong PK, Niihara T, Kuritani T et al (2018) Reflec-
tance spectra of Asteroids and Meteorites: their classifications and
statistical comparisons. J Phys Conf Ser. 1036:012003

DeMeo FE, Binzel RP, Slivan SM, Bus SJ (2009) An exten-
sion of the Bus asteroid taxonomy into the near-infrared. Icarus
2021:160-180

. Dartois E, Engrand C, Duprat J, Godard M et al (2018) Dome C

ultracarbonaceous Antarctic micrometeorites. Astron Astrophys
609:A65

Harris A, Lagerros J (2002) Asteroids in the thermal infrared. p
205-218

Beegle L, DeFlores L, Abbey W, Razzell Hollis J et al (2021)
Perseverance’s scanning habitable environments with Raman and
luminescence for organics and chemicals (SHERLOC) investiga-
tion. Space Sci Rev 217

Gasda PJ, Wiens RC, Reyes-Newell A, Ganguly K et al (2021)
OrganiCam: a lightweight time-resolved laser-induced lumines-
cence imager and Raman spectrometer for planetary organic mate-
rial characterization. Appl Opt 6013:3753-3763
Storrie-Lombardi MC, Muller J-P, Fisk MR, Cousins C et al
(2009) Laser-Induced Fluorescence Emission (L.I.F.E.): Search-
ing for Mars organics with a UV-enhanced PanCam. Astrobiology
910:953-964

Karlitschek P, Lewitzka F, Biinting U, Niederkriiger M, Marowsky
G (1998) Detection of aromatic pollutants in the environment by
using UV-laser-induced fluorescence. Appl Phys B 674:497-504
Fuchs MC, Beyer J, Lorenz S, Sharma S et al (2021) A spectral
library for laser-induced fluorescence analysis as a tool for rare
earth element identification. Earth Syst Sci Data 139:4465-4483
Raimondi V, Cecchi G, Lognoli D, Palombi L et al (2009) The
fluorescence lidar technique for the remote sensing of photo-
autotrophic biodeteriogens in the outdoor cultural heritage: A
decade of in situ experiments. Int Biodeterior Biodegradation
637:823-835

Lorenz S, Beyer J, Fuchs M, Seidel P et al (2019) The potential of
reflectance and laser induced luminescence spectroscopy for near-
field rare earth element detection in mineral exploration. Remote
Sens 111:21

Cyr F, Tedetti M, Besson F, Beguery L et al (2017) A new glider-
compatible optical sensor for dissolved organic matter measure-
ments: Test case from the NW Mediterranean Sea. Front Mar Sci
4:89

Yujing M, Mellouki A (2000) The near-UV absorption cross sec-
tions for several ketones. J Photochem Photobiol A 1341:31-36
Copeland RA, Crosley DR (1985) Radiative, collisional and disso-
ciative processes in triplet acetone. Chem Phys Lett 1154:362-368
Renge I (2009) Solvent Dependence of n—n* Absorption in Ace-
tone. J Phys Chem A 11340:10678-10686

Galasso V (1990) Ab initio study of multiphoton absorption prop-
erties of formaldehyde, acetaldehyde, and acetone. J Chem Phys
924:2495-2504

Borkman RF, Kearns DR (1966) Electronic-relaxation processes
in acetone. J Chem Phys 443:945-949

Tran T, Kochar Y, Seitzman J (2005) Measurements of liquid
acetone fluorescence and phosphorescence for two-phase fuel
imaging. 43rd AIAA Aerospace Sciences Meeting and Exhibit -
Meeting Papers

Pischel U, Nau WM (2001) Switch-over in photochemical reac-
tion mechanism from hydrogen abstraction to exciplex-induced
quenching: interaction of triplet-excited versus singlet-excited
acetone versus cumyloxyl radicals with amines. J] Am Chem Soc
12340:9727-9737

Ibberson RM, David WIF, Yamamuro O, Miyoshi Y et al (1995)
Calorimetric, dielectric, and neutron diffraction studies on phase
transitions in ordinary and deuterated acetone crystals. J Phys
Chem 9938:14167-14173


http://creativecommons.org/licenses/by/4.0/

Journal of Fluorescence (2022) 32:1051-1057

1057

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Allan D, Clark S, Ibberson R, Parsons P et al (1999) The influence
of pressure and temperature on the crystal structure of acetone.
Chemical Commun

Sanz A, Rueda DR, Nogales A, Jiménez-Ruiz M, Ezquerra TA
(2005) Molecular dynamics in crystalline acetone studied by die-
lectric spectroscopy and neutron diffraction. Physica B 3701:22-28
Dudik JM, Johnson CR, Asher SA (1985) UV resonance Raman
studies of acetone, acetamide, and N-methylacetamide: models
for the peptide bond. J Phys Chem 8918:3805-3814

Turro NJ (1991) Modern molecular photochemistry. 1991: Uni-
versity science books

Halpern AM, Ware WR (1971) Excited Singlet State Radiative
and Nonradiative Transition Probabilities for Acetone, Acetone-
d6, and Hexafluoroacetone in the Gas Phase, in Solution, and in
the Neat Liquid. J Chem Phys 543:1271-1276

Hansen DA, Lee EKC (1975) Radiative and nonradiative tran-
sitions in the first excited singlet state of symmetrical methyl-
substituted acetones. J Chem Phys 621:183-189

Lozano A, Yip B, Hanson RK (1992) Acetone: a tracer for con-
centration measurements in gaseous flows by planar laser-induced
fluorescence. Exp Fluids 136:369-376

Moffatt J, Tsiminis G, Klantsataya E, de Prinse T et al (2020) A
practical review of shorter than excitation wavelength light emis-
sion processes. Appl Spectrosc Rev 554:327-349

Tsiminis G, Ribierre JC, Ruseckas A, Barcena H et al (2008) Two-
Photon Absorption and Lasing in First-Generation Bisfluorene
Dendrimers. Adv Mat 20

Schorghofer N (2008) The lifetime of ice on main belt asteroids.
Astrophys J 682(1):697-705

44,

45.

46.

47.

48.

49.

50.

51.

52.

Henry DB (1991) The temperature of an asteroid. Ann IHP Phys
Théor 55(2):719-750

Schneider K, Schiller S, Mlynek J, Bode M, Freitag I (1996) 1.1-W
single-frequency 532-nm radiation by second-harmonic generation
of a miniature Nd:YAG ring laser. Opt Lett 21(24):1999-2001
Sudmeyer T, Imai Y, Masuda H, Eguchi N et al (2008) Efficient 2(nd)
and 4(th) harmonic generation of a single-frequency, continuous-
wave fiber amplifier. Opt Express 16:1546—1551

Cieslak R, Clarkson WA (2011) Internal resonantly enhanced
frequency doubling of continuous-wave fiber lasers. Opt Lett
36:1896-1898

Smith H, McKay C, Duncan A, Sims R et al (2014) An instrument
design for non-contact detection of biomolecules and minerals on
Mars using fluorescence. J Biol Eng 8:16

Smith JJ, Meyer B (1969) Fluorescence and Induced Phospho-
rescence of Formaldehyde in Solid Low-Temperature Solutions.
J Chem Phys 50(1):456-459

Johnson LW, Maria HJ, McGlynn SP (1971) Luminescence of the
Carboxyl Group. J Chem Phys 549:3823-3829

Maria HJ, McGlynn SP (1970) Phosphorescence of Phenylcar-
boxylic Acids and Their Salts. ] Chem Phys 527:3399-3402
Menges F (2021) Spectragryph - optical spectroscopy software.
Version 1.2.15. http://www.effemm2.de/spectragryph/ Accessed
date 20 Jan 2021

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


http://www.effemm2.de/spectragryph/

	Multiphoton Phosphorescence of Simple Ketones by Visible-light Excitation and Its Consideration for Active Sensing in Space
	Abstract
	Introduction
	Experimental Design
	Results
	Discussion
	Application to Off-world Bodies
	Conclusion
	Acknowledgements 
	References


