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Abstract
Raman spectroscopy is among the top analytical techniques for ultra-low-dense organic matter, crucial to the search for life

and analysis of celestial body surfaces in space exploration missions. Achieving the ultimate sensitivity of in-situ Raman spec-

troscopy necessitates a breakthrough in detecting inelastically scattered light. Single-photon detectors (SPDs) operating in

photon counting mode, which can differentiate between Raman and luminescence responses, are promising candidates for

the challenging scientific requirements. Since large SPD arrays are not yet commercially available, a dispersive element can

be adapted to a single-pixel detector. By exploiting chromatic dispersion in optical fibers and picosecond-pulsed excitation,

we delay the arrivals of different spectral components onto a single-pixel SPD. This method also separates weak Raman signals

from stronger luminescence through correlated time-domain measurements. We study the impact of fiber properties and the

excitation wavelength of a pulsed laser on the spectral resolution of the fiber-dispersive Raman spectrometer (FDRS).

Additionally, we demonstrate the FDRS’s potential for studying biomarkers and discuss its feasibility for analyzing inclusions

in ice matrices.
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Introduction
Raman spectroscopy is a powerful analytical technique for

the detection and identification of low-dense biological mat-

ter in inorganic matrices, crucial for both terrestrial and

extraterrestrial research. For instance, conventional confocal

Raman systems have demonstrated their capability to identify

mineral inclusions and organic matter in the water ice cores

from a subglacial Antarctic lake.1 Within the BIOMEX pro-

ject, conventional Raman spectroscopy assessed the stabil-

ity and degradation levels of space-exposed biomolecules,

embedded in martian and lunar regolith analogs.2,3 Despite

their relatively large Raman cross sections, biomolecules

are unlikely to be present on extraterrestrial surfaces at a

density that ensures their reliable detection; only a few

Raman scattered photons can be expected to be available

under laser illumination with a spot diameter of 50–100 μm
on regolith. Distinguishing a few Raman photons from a

vast amount of luminescence is hardly possible using conven-

tional approaches. Achieving ultimate sensitivity for Raman

spectroscopy can principally allow single-cell detection4

that requires, however, dedicated improvements in instru-

ment components.

To date, several space Raman instruments have been

developed and are on board the Mars 2020 (SuperCam5)

and ExoMars missions to Mars (RLS6), and JAXA MMX mis-

sion to Phobos and Deimos (RAX7). These visible-light

instruments were primarily designed to detect bio-geological

signatures of extraterrestrial life replicated in geological fin-

gerprints of the surface and subsurface regolith. The Raman

spectrometer SHERLOC on board the Mars 2020 mission

uses deep-ultraviolet excitation to enhance Raman intensities

of organic molecules.8 These instruments, relying on conven-

tional Raman spectroscopy with a diffraction grating as a dis-

persive element and a multi-pixel detector array based on

charge-coupled devices, face challenges in detecting low-
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dense biological matter. These challenges include require-

ments of non-destructive fluences of the used excitation

lasers which implies low Raman intensities as well as the

presence of a strong luminescence background.

A novel approach, combining pulsed laser excitation, a

single-photon detector (SPD), and a fiber-dispersive element

for Raman spectrometer (FDRS) can rise to these chal-

lenges.9,10 The FDRS, utilizing SPD, promises a fundamentally

lower detection limit and, additionally, may select the weak

instantaneous pulsed Raman signal from often accompanying

luminescence with lifetimes longer than the excitation pulse

duration. This approach minimizes the risk of damaging bio-

logical samples and reduces the weight and power consump-

tion of spaceborne instruments. The feasibility of lightweight

FDRS for in-situ analysis on space missions, by incorporating

semiconducting-based SPDs has been discussed elsewhere.11

It is commonly accepted that a spectral resolution of

sub-10 cm−1 within the 100–4000 cm−1 Stokes-shift range

is sufficient for accurate identification of both inorganic and

organic matter. For conventional spectrometers, which use

a diffraction grating to spatially disperse spectral components

onto a multi-pixel detector, the resolution is essentially

determined by the grating’s groove density and the spectrom-

eter’s size. Conversely, the FDRS approach exploits a long

dispersive fiber to delay the arrival of different spectral com-

ponents onto a single-pixel SPD. The detector measures the

arrival times, which are further correlated to the laser pulse

via time-correlated single-photon counting (TCSPC) and

translated into spectral data. Despite inherent limitations in

temporal and spectral resolution, the FDRS approach

meets the above-mentioned requirements for material

identification (see analysis in Sidorova et al.10), achievable

through the use of short (few ps), narrow-bandwidth

(below 0.1 nm) laser pulses, long fibers (0.2–1 km of silica

fiber), and an SPD with a high timing resolution (timing jit-

ter, below 20 ps).

This study assesses the critical parameters of the FDRS

components, in both time and frequency domains, controlling

spectral resolution at different Stokes shifts. We demonstrate

how laser excitation wavelength and fiber dispersion affect

the spectral resolution of such a fiber-dispersive Raman

approach. To expand the application scope of FDRS and illus-

trate its versatility in detecting diverse substances, we analyze

key biomolecules and briefly discuss the advantages and chal-

lenges of using Raman spectroscopy for in situ analysis of

inclusions in ice matrices.

Experimental

Fiber-Dispersive Raman Spectrometer (FDRS)
The principle of the FDRS is depicted in Figure 1. It retains

several components of a conventional Raman spectrometer,

such as an excitation laser and longpass (wavelength) filters

to suppress the Rayleigh light, while introducing a novel dis-

persive element and detector. Exciting a sample with a short

laser pulse, characterized by duration σt0 and spectral band-

width σλ0, generates a short (in time), broadband (in fre-

quency) pulsed Raman signal. The FDRS uses a long optical

fiber for dispersion that delays the arrival of different spectral

components at the detector, thereby converting spectral

information into delay times. A low-jitter, single-pixel detec-

tor generates an electrical signal in response to each

detected Raman photon. The TCSPC electronics then

Figure 1. Key components and principle of the FDRS. Laser pulses at the sample, characterized by duration σt0, bandwidth σλ0 (in standard
deviation), and central wavelength λ0, generate Raman scattered light as a broadband pulse. This pulse, when propagating through the

dispersive fiber, experiences delays of its spectral components; Δτ denotes the delay in arrivals at the detector, and σchr is the broadening of
a Raman line due to chromatic dispersion. TCSPC electronics correlates these delays to the laser reference, providing the Raman spectra in

the time domain. Details are elaborated in the main text.
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assigns delay times to these signals relative to the laser ref-

erence. To ensure accurate statistics of delay times, the

entire range of time-dispersed Raman spectra (and lumines-

cence, if any) must not exceed the laser pulse period.

Two pulses with central wavelengths λ1 and λ2 propagating
through the fiber length L get delayed due to group velocity

dispersion by the delay time Δτ = L
�λ2
λ1
D(λ) dλ, where D(λ) is

the dispersion coefficient. Besides being delayed, the pulses

also broaden in time due to chromatic dispersion with σchr =
L|D(λ)|σλ0 representing this broadening, where σλ0 is the

finite spectral bandwidth of a pulse. To reconstruct the spec-

tral information from the time domain, one needs to know

τ(λ), which can be either computed using the fiber’s specifi-
cations or through calibration.

For proof-of-principle demonstration, we equipped our

FDRS with a superconducting nanowire SPD (Scontel, con-

trol unit with amplifiers CU-2SPD/P&T-005), which showed

5 ns dead time and 26 ps timing jitter (in standard deviation),

time-correlated electronics (Becker and Hickl, SPC-150NX),

and two pulsed lasers: a picosecond 532 nm laser

(PicoQuant, diode laser head LDH-P-FA-530B with driver

PDL 800-D) with the pulse duration σt0 = 19 ps and the

bandwidth σλ0 < 0.1 nm (below 3.5 cm−1) and a femtosecond

785 nm laser (Femtosource, synergy 20) with σt0 = 13 fs and

σλ0 = 26 nm (404 cm−1), each operating at the repetition

rate 80MHz. A 45m long graded-index fiber (Thorlabs,

GIF50C), chosen for its reduced modal dispersion, which

we disregard in our analysis, completes the FDRS’s configura-
tion. With the 785 nm laser, we incorporated a Raman probe

(Ocean Optics, RPB785) comprising two step-index multi-

mode fibers (each 1.5m long, with a numerical aperture of

0.22, and core diameters of 105 μm and 200 μm) and optical

filters, which are not depicted in Figure 1. Complementary

measurements revealed these fibers contribute 18.5 ps/m

pulse broadening and, together with filters, modify the 785

nm pulses at the sample to the duration 28 ps and the band-

width 5 nm (77 cm−1).

The FDRS was calibrated using methanol (CH3OH) with

characteristic Raman-active vibrational modes: 1030 cm−1

C–O stretching (str), 1450 cm−1 CH3 antisymmetric defor-

mation (def), 2840 and 2950 cm−1 CH3 symmetric (s-str)

and asymmetric stretching (d-str), respectively. Figures 2a

and 2b show Raman spectra of CH3OH in the time domain

for the excitation wavelength λ0 = 532 and 785 nm, respec-

tively. A shorter λ0 results in larger delays between given

Raman modes and, therefore, provides a higher resolution.

The resolved Raman peaks of CH3OH are plotted in

Figure 2c together with a calibration curve Δτ(λ), a fit to

these peaks. We set the arrival of the zero-dispersion wave-

length λZD ≈ 1300 nm to zero, at this wavelength D(λZD) = 0.

The spectral resolution of the FDRS is defined as

δλ = σ2λ0 +
στ

|dτ/dλ|
( )2

( )1/2

(1)

where the total pulse broadening στ is given by

στ = σ2SPD + σ2t0 +
∑n
j=1

σchr,j

( )2

+
∑n
j=1

σ2mod,j + · · ·
⎛
⎝

⎞
⎠

1/2

(2)

This broadening accounts for the SPD timing resolution

(jitter) σSPD, the excitation pulse duration, and the broaden-

ing due to chromatic (σchr) dispersion added by each of the n
fiber segment with its particular length and core diameter,

and other mechanisms such as modal dispersion (σmod), if

present.12 We found that the modal dispersion scales slower

with the fiber length when it consists of several segments

rather than one complete.1

By directly coupling laser pulses into the dispersive fiber,

we measured the total broadening στto be 40 and 145 ps

at the 532 and 785 nm wavelengths, respectively, which

sets an upper limit for our setup performance (8 cm−1 and

81 cm−1, respectively). It is crucial to recognize that such sig-

nificant broadening is due to non-optimized components of

our spectrometer. Specifically, at 785 nm, the main limiting

factors are the wide spectral bandwidth (77 cm−1) and long

duration (28 ps) of the excitation pulses (after passing

through additional optical components as discussed above),

Figure 2. Fiber-dispersive Raman spectrometer (FDRS)

calibration: time domain Raman spectra of CH3OH was acquired

with two pulsed lasers at (a) λ0 = 532 nm and (b) λ0 = 785 nm. The

acquisition time and the bin size were 739 s and 3.05 ps for the

spectrum shown in (a), and 628 s and 0.68 ps for (b). (c) Calibration

curve for 45m long dispersive fiber; symbols: marked Raman peaks

of CH3OH spectra. The arrival of λZD is set to zero. (d) Spectral

resolution of the FDRS with a 45m long dispersive fiber and two

excitation wavelengths computed with Eq. 1.
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while, at 532 nm, the resolution is constrained by the long

pulse duration (19 ps) combined with substantial SPD jitter

(26 ps).

We then compute the resolution in wavelength

using Eq. 1 and convert it into wavenumbers as

δν = (λ−1 − (λ+ δλ)−1) × 107. This computed resolution is

plotted in Figure 2d as a function of Raman wavenumber

shift (λ−1
0 − λ−1) × 107. We emphasize that the current res-

olution, although limited by the non-optimized FDRS compo-

nents discussed above, holds the potential for significant

enhancement. Through dedicated selection and optimization

of FDRS components, resolution below sub-5 cm−1 is achiev-

able (see discussions around Figure 4 in Sidorova et al.10).

Fiber-Dispersive Raman Spectrometer (FDRS) Spectra
of Organic Samples
After calibrating the FDRS, we performed time-domain

Raman measurements on two organic samples: palmitic

acid (CH3–(CH2)14–COOH) and β-carotene (C40H56).

Figures 3a and 3b show the FDRS spectra of palmitic

acid obtained with a 45m long dispersive fiber, and lasers

at wavelengths of 785 and 532 nm, respectively. Palmitic

acid has characteristic Raman vibrational modes between

1400 and 1500−1 due to CH2 or CH3 deformations and in

the 2840–2940 cm−1 range due to C–H stretching.13,14

Notably, excitation with a shorter wavelength not only

increases delays by a factor of four but also enhances the res-

olution. We refrain from making quantitative comparisons of

resolution here due to the strong effect of the excitation pulses

bandwidth (σλ0 = 0.03 and 5 nm for the 532 and 785 nm

lasers, respectively) and modal dispersion introduced by addi-

tional multimode, step-index fibers (about 60 ps for the spec-

trum obtained with the 785 nm laser, not depicted in setup).

It is important to note that the superconducting detector

used has a very broad single-photon sensitivity from the

ultraviolet to the middle infrared range. The detector is inte-

grated into an optical cavity that maximizes light absorption

at 1550 nm wavelength. Although the exact structure of the

cavity, and thus the detector’s spectral sensitivity, remains

unspecified, we speculate that it may exhibit a broad absorption

peak at 1550 nm, a sensitivity dip around 800 nm, and absorp-

tion resonances peaks at shorter wavelengths around 320 and

530 nm.15 Such characteristics are typical for optical cavities of

commercial superconducting detectors and might elucidate the

observed amplitude variations in the detected Raman lines.

Due to limited information on the spectral sensitivity of the

detector used, we leave the quantitative analysis of the ampli-

tudes of resolved Raman lines outside the scope of this work.

Figures 4a and 4b show FDRS spectra of β-carotene
acquired with the 785 nm laser, and dispersive fiber with length

45m and 90m (two fibers of 45m each were connected),

respectively. β-carotene has two characteristic Raman modes

around 1150 cm−1 and 1530 cm−1 due to C–C and C=C
stretching, respectively. It is clear that doubling the fiber length

results in as twice as long delays, it also improves the resolution

by approximately 1.5 times (the widths of resolved C=C
Raman modes are 150 and 100 cm−1 obtained with the 45m

and 90m long fibers, respectively).

It is worth noting that increasing the length of the disper-

sive fiber causes two effects with opposite impacts on the

spectral resolution: (i) increase in the delay between given

Figure 3. Time-domain FDRS Raman spectra of palmitic acid,

obtained using 45m long dispersive fiber and pulsed lasers at

wavelengths of (a) λ0 = 532 nm and (b) λ0 = 785 nm. The arrival

time of the zero-dispersion wavelength λZD is set to zero. The

acquisition time and the bin size were 399 s and 2.04 ps for the

spectrum shown in (a), and 496 s and 0.68 ps for (b).

Figure 4. Time-domain FDRS Raman spectra of β-carotene,
obtained using a pulsed laser at λ0 = 785 nm and a dispersive fiber

with the length (a) L = 45m and (b) L = 90m. The arrival of λZD
wavelength is set to zero. The acquisition time and the bin size were

88 s and 0.68 ps for the spectrum shown in (a), and 50 s and 1.02 ps

for (b).
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spectral components which improves the resolution (the sec-

ond term in Eq. 1 decreases as |dτ/dλ|−1 ∝ 1/L), and (ii)

increase in the pulse broadening due to chromatic dispersion

(as well as modal dispersion, which is always present although

might not be dominant) and worsens the resolution.

Results and Discussion
We would like to discuss the critical parameters of the FDRS

elements in the context of space missions. Clearly, both

approaches tested in this study, reducing the excitation wave-

length and increasing the fiber length, improve the spectral

resolution. Essentially, they both effectively enhance the dis-

persion. Thus, a straightforward strategy to improve spectral

resolution would be to use dispersion-enhanced fibers such

as, e.g., photonic crystal fibers. Their waveguide properties

are determined by the arrangement of tiny air holes in

glass, which run along the entire length of the fiber.16

These fibers can be engineered to exhibit anomalously high

dispersion,17,18 increasing the resolution without extending

the fiber length. While enhanced dispersion can lead to

broadening, this can be mitigated by using narrow-bandwidth

excitation pulses. The pulse bandwidth itself, however, does

not determine the resolution limit of the spectrometer, as it

is coupled to the pulse duration via the time-energy uncer-

tainty principle as σλ0 ∝ σ−1
t0 ; the optimum combination σλ0 =

0.05 nm and σt0 = 3 ps was found in Sidorova et al.10

Alternatively, one can use single-mode fibers, which are

completely free of undesired modal dispersion. Although chro-

matic dispersion in such fibers is usually weaker which requires

longer fibers, it does not add much weight to the instrument

(1 km of a silica fiber with a cladding diameter of 125μmweighs

about 30 g). Spectral resolution can be further improved via

deconvolution of acquired Raman spectrum in the time

domain, the procedure should account for both, the dispersion

and the SPD’s instrument response function (jitter). For

instance, in superconducting nanowire SPDs used, the latter

is described with an exponentially modified Gaussian

distribution.19

Another critical FDRS’s parameter is the timing resolution

(jitter) of an SPD. Currently, superconducting nanowire-

based SPDs offer the best timing performance and lowest

noise but require cryogenic cooling that significantly

increases the instrument’s weight and limits their implemen-

tation in space missions.20 In the visible range, a good alter-

native capable of single-photon counting with high timing

resolution are semiconducting avalanche photodiodes and

microchannel plate photomultiplier tubes, both can be imple-

mented in a compact instrument.

Photon number resolution (PNR) can cause drawbacks,

for instance, if TCSPC electronics is not capable of discrim-

inating responses to individual photons. In a specific case of

superconducting PNR detectors (e.g., Los et al.21), a Raman

spectral line would be broadened to about 150 ps, the differ-

ence in delay times between electrical pulses generated in

response to single-photon and multi-photon events. In this

scenario, multi-photon detection occurs only if the photons’
interarrival time is within a few picoseconds, a time dictated

by intrinsic detection dynamics. At longer interarrival times,

not exceeding the detector’s dead time (about 5–20 ns), sec-
ondary photons are simply not detected.

One of the main advantages of the FDRS is its ability to

suppress undesired luminescence through two inherent

mechanisms. First, it uses picosecond excitation pulses,

much shorter than the typical luminescence lifetimes (nano-

seconds to sub-milliseconds), ensuring each luminescent

compound is excited at most once per pulse, thus preventing

luminescence from reaching its steady-state intensity. This

mechanism is effective for luminescence that does not satu-

rate at given optical pumping rates and has been demon-

strated using a conventional charge-coupled device

detector.10 The second mechanism is akin to time-gating

detection. It occurs when the Raman photons, dispersed

over time, reach the detector before the slowly decaying

luminescence photons, allowing their separation in the time

domain when the luminescence lifetime exceeds the time-

dispersed Raman spectra range (nanoseconds to microsec-

onds, depending on the fiber length and dispersion). For

this, pulsed lasers with adjustable repetition rates are most

suitable to ensure the laser pulse period exceeds the lumi-

nescence decay time, avoiding signal overlap. It is worth not-

ing that while these mechanisms effectively suppress

luminescence, they do not eliminate it; luminescence and

Raman photons generated within the duration of the excita-

tion pulse remain indistinguishable.

Furthermore, since the FDRS exploits only a single-pixel

detector, it is free from the noise caused by variations in

pixel-to-pixel sensitivity present in conventional spectrome-

ters with multi-pixel detector arrays.

In-Depth Raman Spectroscopy in Ice Matrices. Let us consider
specific icy environments, where other challenges for the bio-

marker search by FDRS may dominate. The analysis of ice

matrices is crucial for future astrobiological missions aimed

at exploring celestial bodies such as icy moons. For instance,

most icy moons with a dilute atmosphere are assumed to be

covered with material from outer space and from their interi-

ors. The latter can be ejected from the subglacial ocean in the

form of gaseous or liquid jets mixed with solid fractions,22

such as eruptions observed on Enceladus.23 Because ice is a

diffusely scattering medium, the capabilities for depth profiling

in ice matrices, which may encapsulate bio/geologic matter, are

defined by its transparency. The absorption minimum of water

ice is in the visible range,24 consequently, an excitation laser

with the wavelength between 380 and 550 nm would be suit-

able to cover the Stokes range up to 4000 cm−1.

We carried out comparative measurements with a

commercial 532 nm Raman microscope (WITec Alpha 300)

on two types of ice matrices taken at a temperature of

−20 °C. Figure 5a shows fast-formed ice (a freezing rate

1102 Applied Spectroscopy 78(10)



of ≈1mm per 10min), created in the laboratory at 1 bar

pressure to simulate the “surface” type environment of an

icy moon. Figure 5b depicts slow-formed ice (at a rate of ≈3
m per year25) from the subglacial Antarctic lake Vostok (ice

core from 3607m depth). Both figures show a part of the

Stokes range, characteristic of the OH vibrations of water

ice. Strong diffusive scattering of light in the fast-formed

ice, due to its polycrystalline structure and high defect den-

sity, causes a (quasi-) exponential decay in Raman

signal-to-noise ratio (SNR) with depth, as seen in Figure 5c.

In contrast, the accretion ice from Lake Vostok is monocrys-

talline and of high purity, showing a linear SNR decrease with

depth, which facilitates in-depth exploration of potential

organic inclusions.

It is important to note that when FDRS aims to probe

deep into monocrystalline ice samples, photon migration

time must be considered. This effect, due to the difference

in propagation times of Raman photons from deeper mole-

cules versus those closer to the ice surface, results in

Raman line broadening. Specifically, probing into 10mm

depth would add ≈50 ps to the line broadening.

Conclusion
This study investigated the performance of the FDRS

equipped with a single-pixel SPD for analyzing spectral

responses from elementary biomolecules. Key findings

include the impact of the laser wavelength and the fiber

length. The visible picosecond 532 nm laser offers signifi-

cantly better spectral resolution than the near-infrared fem-

tosecond 785 nm laser, due to larger dispersion in the fiber

material and reduced pulse broadening of spectrally nar-

rower laser pulses. Doubling the fiber length improved spec-

tral resolution by approximately 1.5 times. The FDRS offers

the following advantages for astrobiological missions:

(i) Its inherent luminescence suppression capabilities

combined with single-photon sensitivity enables the

detection of low-density biologic matter at low exci-

tation levels, minimizing the risk of sample deteriora-

tion. This is a significant improvement over current

spaceborne Raman instruments, which struggle to dif-

ferentiate a few Raman photons from the vast amount

of luminescence.

(ii) Unlike conventional spectrometers, where high

resolution over a wide spectral range is constrained

by instrument size, the FDRS’s spectral range is

defined by the excitation and zero-dispersion wave-

lengths. It offers ultimate ranges of ≈ 5000 cm−1

and ≈ 12 500 cm−1 for silica fibers and the excitation

785 and 532 nm, respectively, and a sub-20 cm−1 res-

olution. Resolution can be further improved by

extending the fiber length (enhancing the dispersion),

which adds minimal weight to the instrument (<40 g/
km of silica fiber).

(iii) The FDRS can be made compact by incorporating a

lightweight detector with high timing resolution and

single-photon sensitivity, such as visible-range ava-

lanche photodiodes and photomultiplier tubes.

We note here that while stretching modes of biomolecules,

C–C, C–H, C–O, etc., the spectral range of which is typically

1000–4000 cm−1, provide the strongest Raman response and

are the prime biosignatures. The differentiation between bio-

molecules very often requires the observation of usually

weaker bending modes of internal bonds (a typical spectral

range of 500–1600 cm−1). Achieving the required resolution

in the Stokes range may be possible with photonic crystal fibers

or longer single-mode fibers.

Furthermore, operating Raman spectrometers with the

capability for in-depth analysis is feasible. A combination of

information on localization of the laser focus in the ice matrix

together with the Raman signal-to-noise ratio using a confo-

cal Raman microscope would return relevant complementary

data on the structural properties of icy regolith.
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Note
1. This result is based on empirical data from our previous

research,12 where we studied timing jitter of a superconducting

detector and the broadening by chromatic and modal dispersion

in fibers segments shorter than 20m. Although we do not yet

have an explanation for this effect, we speculate that it may

arise due to intermodal coupling. This has been shown to slow

down the broadening by modal dispersion with fiber length;

from a linear law to the square root of fiber length (e.g., chapter

“Fiber Optics” in Saleh and Teich26). However, this typically

occurs in fibers much longer than those used in our studies.
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