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Absolute Raman cross-section of a Raman transition governs the strength of its observed intensity. The knowledge of this 
property is crucial in understanding the nature of the Raman tensor and for direct quantitative applications of the Raman 
intensities. In this study, we determine the absolute differential Raman cross-sections of benzene and cyclohexane: two 
molecules of fundamental importance, used routinely in studies pertinent to Raman cross-sections. In our experiments, 
over 15 sets of pressure dependent Raman spectra were acquired on an intensity calibrated Raman spectrometer. The 
contribution of air, as an impurity, in the pressure readings was quantified. We used pure rotational Raman bands of 
molecular hydrogen, with known accurate Raman cross-sections as the intensity standards. The Raman cross-sections 
of the ring breathing mode in benzene (ν2, 992.3 cm–1) and cyclohexane (ν5, 801.3 cm–1) were determined in the gas 
phase, with uncertainty of 2.7 and 3.5%, respectively. © Anita Publications. All rights reserved.

Keywords: Absolute Raman cross-section, Differential Raman cross-section, Raman intensities, Polarizability, Raman 
spectroscopy.

1 Introduction

  Absolute Raman cross-section is a property of fundamental importance in quantitative Raman 
spectroscopy. From a basic standpoint, it gives the magnitude of the involved polarizability tensor invariants 
during the scattering process [1-3]. From the perspective of applications, it allows the observed Raman 
intensities to be used for direct quantitative analysis of the scattering species [4, 5].
 Experimental determination of absolute Raman cross-sections has so far been performed using two 
broad strategies. The first approach is using the ratio of Rayleigh and Raman scattering cross-sections which 
are determined theoretically, followed by the subsequent measurement of either the Rayleigh or Raman 
intensities in an experiment. An analogous method involving the comparison of the total scattering intensity 
with the Raman intensities has also been used. Notable works employing these techniques include the report 
on the cross-sections of O2, N2 and CO2 by Fenner et al [6] and Penney et al [7] and of H2 and D2 by Röhr [8]. 
Another approach is by comparing the observed Raman intensities to a reference whose Raman cross-section 
is already known with an acceptable level of accuracy. This method, based on the relative Raman intensities, 
has been widely employed due to its simplicity in the design of the experiment and the cancellation of errors 
arising from the experimental factors; the reference and the sample are measured on the same optical setup 
under identical geometry. Fouche and Chang [9,10], Colles and Griffiths [11], and recently Acosta-Maeda et 
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al [12] have used this approach for determining the Raman cross-sections of several organic molecules, using 
either benzene or cyclohexane as the reference. Novel techniques based on non-linear Raman spectroscopy 
have also been reported recently [13-15]. 
 Benzene and cyclohexane are important references for the relative determination of absolute Raman 
cross-sections of other molecules. The Raman cross-sections of these two molecules have been carefully 
studied over time. Notable works on benzene were reported by Kato and Takuma [16] and Skinner and Nilsen 
[17], who compared the Raman scattering intensity to standard blackbody lamp while monitoring the laser 
intensity. Schomacker et al [18] determined the cross-section of liquid benzene by comparing the Raman 
scattering signal to the total scattering, and using the Raman to Rayleigh scattering intensity ratios. Udagawa 
et al [19] have reported the value for benzene determined using H2 as the intensity reference while using 
theoretical value of polarizability anisotropy for H2. Later Abe et al [20] have determined the Raman cross-
sections of cyclohexane in the gas phase using the same methodology presented by Udagawa and co-workers, 
and subsequently used the obtained value of cyclohexane for a relative determination of Raman cross-section 
of other molecules including benzene. Raman cross-section of liquid cyclohexane have been reported by 
Colles and Griffiths [11] who used benzene-D6 as an internal standard in the relative determination approach. 
Trulson and Mathies [21] reported the values for both benzene and cyclohexane as liquids, by measurements 
on an integrating cavity calibrated using a D2 lamp. Recently, Acosta-Maeda et al [12] reported the values for 
liquid cyclohexane determined by a comparison of the incident laser power and the scattered power measured 
on a standoff Raman instrument. These works have reported the values of Raman cross-sections with errors 
of 3 to 10%. 
 In the present work, we focus on the determination of the Raman cross-sections of these molecules 
in the gas phase with the aim to obtain updated values with higher accuracy from spectra acquired on our in-
house accurately calibrated Raman spectrometer, and establish a starting point in our larger goal of tabulating 
the Raman cross-section of many more molecules. In our current approach, we determine the Raman cross-
sections of the totally-symmetric ring breathing modes of benzene (992.3 cm–1) and cyclohexane (801.2 
cm–1) utilizing the rotational Raman bands from molecular hydrogen (νi = 0, Ji = 2 → νf = 0, Jf = 4 at 814.0 
cm–1 and νi = 0, Ji = 3 → νf = 0, Jf =5 at 1034.2 cm–1) as the reference. In preparation to the present study, we have 
calculated the matrix elements of the wavelength dependent polarizability tensor invariants, 〈ψνi, Ji|Ωλ|ψ(νf, Jf )〉, where 
Ωλ = mean polarizability, α or polarizability anisotropy, γ, for H2, HD and D2 with high accuracy (numerical 
uncertainty below 0.1%) [22]. This allows us to calculate the Raman cross-sections of specific rotation-
vibration transitions in H2, HD and D2 with high accuracy, which are then used as reference in the procedure 
for the relative determination of Raman cross-sections. In this approach, the comparison of Raman intensities 
observed at different wavenumbers can introduce additional errors due to the variation in the wavenumber-
dependent sensitivity of the Raman spectrometer. Hence, we performed an extensive intensity calibration of 
our spectrometer [23] utilizing relative intensities of the observed rotational Raman bands and the calculated 
matrix elements of polarizability, of H2, HD and D2. Accurate intensity calibration, with uncertainty of 
only 2% over a broad spectral range of over 2000 cm–1, enables the analysis of Raman intensities from the 
reference (H2) and our target molecules (benzene and cyclohexane) with minimal error, whose Raman bands 
are within 40 cm–1 of each other. The present approach of using H2 as the reference for Raman cross-section 
is similar to the method adopted by Udagawa et al [19] and Abe et al [20] and improves on the technique 
by using updated and more accurate values of the wavelength dependent polarizability anisotropy, better 
instrumentation including real-time vapor pressure measurement and advancements in the data analysis. 
 In summary, the Raman cross-sections of totally-symmetric ring breathing vibration in benzene 
(992.3 cm–1) and cyclohexane (801.3 cm–1) were determined in the gas phase using rotational Raman bands 
from H2 as the reference.
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2 Experimental details
2.1 Method
Observed Raman intensity, I (photon counts) is given by [1,7] 

 I = 

dσ
dΩ

 ∙Pi ∙ Flaser ∙ N ∙ Ω ∙ D

, (1)

where dσ/dΩ is the differential Raman cross section (m2molecule-1steradian-1), Pi is the Boltzmann population 
of the initial state for the specific Raman transition, Flaser is the luminance flux of incident laser (photon 
m–2 s–1), N is the number of molecules in the focal volume, Ω is the observed solid angle (steradian), and D 
is the detection efficiency of the Raman spectrometer at the observed wavenumber position. Relative Raman 
intensity of the sample, s, to that of a reference, r, is then given as 

 
Is
Ir

 = 
dσs
dΩ

 ∙Pi,s ∙ Ns ∙ Ds


dσr
dΩ

 ∙Pi,r ∙ Nr ∙ Dr

,  (2) 

under the premise that, i) the sample and the reference are measured under identical conditions with the same 
laser power and exposure time, and ii) the focal volume is constant for both the sample and the reference. 
The difference in the detection efficiency over wavenumbers is corrected after the intensity calibration of the 
spectrometer, and under such condition the Ds and Dr terms in Eq (2) are dropped. Subsequently, Eq (2) is 

rearranged to obtain the absolute Raman cross-section of the sample dσs
dΩ

 to yield, 

 
dσs
dΩ = 

dσr
dΩ ∙ 

Pi,r
Pi,s

 ∙ 
Is
Ir 

∙ 
Nr
Ns 

(3)

 In the current work, pure rotational Raman intensities from H2 are used as the reference (Ir). The 
differential Raman cross-section of a pure rotational Stokes-Raman line (ΔJ = +2) from a diatomic molecule, 
for parallel polarized detection, is given by [1]

 
dσ
dΩ = k~v ~vo ~vs

3 
2

15
 

(J + 1)(J + 2)
(2J + 1)(2J + 3)

 |〈γ〉(ν = 0; Ji → Jf )|
2

 (4)

where k~v = π2/ϵ 2
0, ~vo ~vs

3 is the frequency factor composed of the absolute wavenumber of the excitation laser 
(~vo) and the scattered light (~vs), J is the initial rotational state of the specific transition and |〈γ〉(ν = 0; Ji → Jf )|

2
 

= 〈ψv = 0, Ji | γλ | ψv = 0, Jf 〉
2 is the square of the ro-vibrational matrix element of the wavelength dependent 

polarizability anisotropy for the particular transition defined by the initial (Ji) and the final (Jf) rotational 
states. Equation (4) is used to compute the differential Raman cross-section of the reference, dσr/dΩ, required 
in the evaluation of Eq (3).
 Details on the design of the present study and the involved approximations leading to the suitability 
of the above equations to this work are briefly discussed below. In the present work, Raman spectra from the 
sample and the reference are measured, using the same laser power on a rigid optical setup without altering 
the relative positions of the excitation laser and the sample chamber. Replacement of the sample is also 
performed with no disturbance to the sample chamber. The sample and the reference molecules are both 
investigated in the gas phase having similar refractive indices, leading to a negligible variation in the effective 
focal volumes. An elaborate intensity calibration procedure is performed for correcting the wavenumber 
dependent sensitivity change of the Raman spectrometer. This allows for the applicability of Eq (3) for the 
determination of the differential Raman cross-section of the sample. 
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 The computation of the differential Raman cross-section of the reference (pure rotational Raman 
lines of H2) using Eq (4) requires the square of ro-vibrational matrix elements of polarizability anisotropy, 
which we calculated in our previous work [22]. In the present experiment, we utilize the two pure rotational 
Raman bands from molecular hydrogen, νi = 0, Ji = 2 → νf = 0, Jf = 4 at 814.0 cm–1, and νi = 0, Ji = 3 → νf = 0, Jf = 5 
at 1034.2 cm–1, which are close to the fully-symmetric ring breathing modes of cyclohexane (ν5, 801.3 cm–1) 
and benzene (ν1, 992.3 cm–1), respectively. Refer to Section S1 of the supplementary material for numerical 
values of the ro-vibrational matrix elements for these Raman transitions.
2.2 Raman spectrometer
 A lab built confocal Raman micro-spectrometer based on the back-scattering geometry was used 
in the present experiments. The diagram of the optical setup is placed in Section S2 of the supplementary 
material. This instrument was described in detail in our previous reports [23,24]. In brief, the second harmonic 
of an actively stabilized CW Nd:YVO4 laser (VerdiV5, Coherent) was used as the excitation source. The 
laser wavenumber was continuously monitored and stabilized to 18790.0125 (±0.009) cm–1, using a high-
resolution wavelength meter (WS-7, High Finesse). The power stability of this laser was examined earlier and 
the laser power was found to be stable within 2% over a period of 27 hours. The linearly polarized excitation 
laser beam was directed by a beam splitter (10R:90T) into an inverted microscope (iX71, Olympus), and was 
focused inside the sample chamber using a long working distance objective lens (20×, NA 0.25, f = 25 mm) 
with typical laser power of ~ 200 mW. Backscattered light passed through the beam splitter and was focused 
by a lens on a 100 μm pinhole, followed by another lens forming a collimated beam. Three volume Bragg-
notch filters (OptiGrate) were used to remove the Rayleigh scattering. An analyzer (GTH10M-A, Thorlabs) 
mounted on a rotation mount was used to select the parallel polarized light for detection. An achromatic 
convex lens was used to focus the light on the polychromator slit (slit width = 120 μm). Light dispersed 
by the polychromator ( f =50 cm, f /6.5, 600 g/mm; SP-2500i, Princeton Instruments) was detected by a 
thermoelectric cooled CCD (Andor Newton DU970N-BV operating at –85 °C). The CCD spectral window 
spanned 17129–19903 cm−1 (absolute) or from −1114 to +1660 cm−1 (relative to the laser).
2.3 Sampling setup
 The sample chamber for gases was a lab designed custom built gas cell, consisting of an inner 
chamber made of quartz and outer jacket made of brass. This gas cell was mounted on a PTFE adaptor 
enabling a fixed placement on the microscope stage. The gas cell setup was connected to a vacuum manifold, 
consisting of two pumps and a liquid nitrogen trap, for removal of air and filling with gases for Raman 
measurements, and this process involved no physical disturbance to the gas cell. Absolute pressure of the 
gas was measured using a high-resolution pressure transducer (Omega PX409AUSBH, NIST calibrated) 
having uncertainty of 0.08% in a best-straight-line fit of several pressure readings over the range of the 
sensor. Additional details of the gas cell and the sampling setup are placed in Section S2 of the supplementary 
material.
2.4 Wavenumber and intensity calibration of the Raman spectrometer
 Wavenumber calibration and intensity calibration was performed using the spectra of rotational 
Raman lines of H2, HD, D2 and O2 gases, acquired prior to the main experiments on the differential Raman 
cross-sections. This calibration procedure was reported in full detail earlier [23] and only a brief description 
is given below.
 Wavenumber calibration was done using the band positions of 45 pure rotational Raman lines from 
H2, HD and D2 (from 1034 to 1246 cm–1) and 16 rotation-vibration Raman lines of O2 (1400 to 1660 cm–1). 
The accurate reference transition wavenumbers for these lines were obtained from previous experimental 
and theoretical works [25-27]. Errors in the wavenumber calibration was checked using emission lines from 
neon, and the 3σ uncertainty was ±0.3 cm–1.
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 Accurate wavelength dependent polarizability anisotropy and ro-vibrational wavefunctions for H2, 
HD and D2 calculated by us previously were used to determine the rotational Raman intensities of these 
molecules. The Raman intensities were then effectively used as primary intensity calibration standards [23]. 
The relative experimental intensities for bands originating from common rotational states [28], and the 
corresponding accurate theoretical ratios were used with a non-linear least-squares fitting procedure to obtain 
the wavelength dependent sensitivity for intensity calibration. Temperatures determined using anti-Stokes to 
Stokes intensity ratios, from bands of carbon tetrachloride (218.1, 313.9 and 460.2 cm–1), cyclohexane (801.3 
cm–1), and benzene (992.3 cm–1) measured separately as liquids, were used to estimate the uncertainty of the 
sensitivity curve; which was found to be less than 2%, over the broad spectral range covering greater than 
2000 cm–1. (See Section S3 in the supplementary material for additional details on the intensity correction 
procedure.)
2.5 Raman measurements for differential Raman cross-sections
 Raman spectra from the samples (benzene and cyclohexane in the gas phase) and the reference 
(H2 gas) were acquired over an exposure time of 30 minutes, with the power of the excitation laser set to 
around 200 mW. Raman spectral acquisition was in synchronization with the pressure measurement using a 
controlling program written in LabVIEW [29,30]. Raman spectra from reference-sample pair were acquired 
on the same day to minimize the effect of laser power fluctuations on the observed Raman intensities. 
 H2 (Chiah-Lung, Taiwan; 96% purity) was placed in the pre-evacuated gas cell and 16–22 spectra 
were acquired at several different pressures. Benzene (B0020, TCI Chemicals; > 99.5% purity) and 
cyclohexane (102822, Merck; 99.9% purity) were used without further purification. Approximately 25 mL of 
the liquid was placed in a thoroughly cleaned steel sample container and sealed using a valve. The dissolved 
gases from the liquid were removed by four cycles of freeze-pump-thaw procedure, followed by opening of 
the valve to the pre-evacuated gas cell. Temporal evolution of the pressure in the gas cell was followed by 
checking the readings from the pressure sensor. Raman measurements were started typically after 2 hours of 
opening of the valve, during which the vapor pressure value had reached to around 30–50 % of the saturated 
vapor pressure. It took another 3–5 hours for the vapor pressure to stabilize at around 90% of the saturated 
vapor pressure. Data on the temperature dependent vapor pressure [31] of benzene and cyclohexane are given 
in Section S4 of the supplementary material. A total of 16–22 spectra were measured for each of these two 
samples. 
2.6 Data analysis
 The following data analysis procedure was followed for all of the acquired spectra. First, the 
contribution from the quartz window was subtracted by a one-to-one subtraction of the spectra acquired from 
the evacuated gas cell. Second, intensity correction to the background subtracted spectra was performed 
using wavenumber dependent correction curves (determined earlier) for rectifying their relative Raman 
intensities. For details about the intensity calibration procedure, refer to Section 3.3 and Section S3 of the 
supplementary material. In the next step of data analysis, the area of the target band in the corrected Raman 
spectra was determined using band fitting. Single Gaussian function was used for fitting the 801.3 cm–1 band 
of cyclohexane. For the 992.3 cm–1 band of benzene, which has a smaller feature on the lower wavenumber 
side, two Gaussian functions were used, centered at 992.3 and 990.1 cm–1. For both of the rotational Raman 
bands at 814 and 1034 cm–1 of H2, a single Gaussian function was used for the fitting. Owing to the well-
defined band shapes of the above mentioned Raman bands, the typical uncertainty in the band fitting procedure 
was below 0.6% as reported by the fitting program. The actual uncertainty was estimated as the square root 
of the band area plus an additional 1.25% of the band area which effectively covered any error encountered 
in the fitting procedure. Plots showing the measured Raman spectra of the gases at a fixed pressure are shown 
in Fig 1.
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Fig 1. Raman spectra of gases, at the specified pressures, studied in this work. a) H2 where the contamination 
from air is evident from the pure rotational Raman bands from N2 and O2 in the low wavenumber region and the 
vibration-rotation band of O2 at 1556 cm–1. b) high purity O2, c) benzene, and d) cyclohexane. The fundamental 
band of O2. at 1556 cm–1 is observed in all the plots.
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 Next, the time-dependent pressure readings recorded in synchronization with each of the Raman 
spectra were analyzed. Since the observed Raman intensity is temporally averaged over the duration of the 
exposure time (30 minutes in the present experiments), mean of the pressure data was computed, having an 
estimated uncertainty of 1%, and these were used for further analysis. This is justified since the observed 
Raman intensity is linearly proportional to the number of molecules, which is equivalent to the pressure for 
gases. 
 In the next step, sets of Raman spectra from benzene, cyclohexane and H2 were examined to 
identify minor features from impurities, and spectral signatures from O2 and N2 (from air) were found in this 
assessment. Since the total pressure was recorded during the experiments, further analysis was undertaken 
to quantify the partial pressures of these impurities to obtain the actual pressure of the samples and the 
reference. This analysis is discussed in the following section. 
2.7 Quantifying the contamination from air as an impurity
 During the Raman measurement of gaseous benzene and cyclohexane, the gas cell was kept at low 
pressures over a considerable period of time. Contamination from air in the gas cell was expected in this time 
interval, due to, imperfect sealing of the gas setup, slow degassing from the O-rings and/or transfer of any 
residual dissolved gases from the liquid, to the partial vacuum inside the gas cell. Hence, we expected the 
presence of Raman signals from N2 and O2, the two major constituents of air, in the acquired Raman spectra. 
The measured Raman spectra of the samples showed minute spectral intensity for the fundamental vibration 
from O2 observed at 1556 cm–1. The pure rotational Raman features from both N2 and O2 were obscured in 
the Raman spectra of benzene and cyclohexane due to the Rayleigh wings, while the fundamental band of N2 
at 2330 cm–1 was outside our spectral region of investigation.
 In the case of H2, our gas supply was only 96% pure, with the impurity stated to be air. The Raman 
spectra of H2 showed spectral signatures from both O2 (fundamental at 1556 cm–1) and the pure rotational 
Raman features from both O2 and N2 below 150 cm–1.
 The pressure sensor used in the current experiments reported the total absolute pressure. The 
contribution of the pressure from O2 and N2 as the primary impurities, existent in the measured total pressure 
was thus required to be estimated. For this purpose, we measured a total of 30 Raman spectra of O2 (Chiah-
Lung, Taiwan; > 99% purity) at several different pressures. The pressure dependent Raman intensity profile 
for O2 was established (as a linear function), using the band area of the fundamental band from the set of 
O2 spectra (shown later in Section 4). The band area was determined by fitting the band using two Gaussian 
functions. The partial pressure of O2 during the measurement of benzene, cyclohexane and H2 was then 
estimated using the observed Raman intensities in their respective spectra and the determined intensity-to-
pressure relationship. The partial pressure of air, Pair, was estimated using the mole fraction of O2 in standard 
air [32] (0.20946 mol%) as (1/0.20946) PO2 = 4.77418×PO2 ; while assuming that air is the major component 
of the possible impurities. The contributions from other possible minor components, such as the isotopic 
fractions of N2 and O2 and any volatile components in the benzene and cyclohexane, were not considered. 
Having found the partial pressure of air as impurity from the intensity of the band from O2, the actual pressure 
of the sample or reference was then determined for each of their measured spectra as : Total pressure – Pair. 

3 Results

 Intensity of the fundamental band of O2 was used to determine the partial pressure of air, present 
as impurity during the Raman measurement of the reference and the samples. In this process, the Raman 
intensity-dependent-pressure relationship was first established using 30 Raman spectra of pure O2 measured 
at different pressures. Figure 2 shows the measured pressure of O2 plotted against the measured Raman 
intensity of the fundamental band. Linear fit of these data points yielded the relationship, PO2 = (0.57921×IO2). 
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Thereafter, using this relationship and the intensity of the O2’s band in the Raman spectra of samples and 
reference, the partial pressure of O2 was determined. Subsequently the partial pressure of air, Pair, as impurity 
was found (for more details see Section 3.6). The magnitude of Pair relative to the total pressure reading was 
3.8–5.8% in the case of H2, 10–50% in the case for benzene and 10–75% in the case of cyclohexane. This 
exemplifies the importance of the examination of the impurities during the Raman measurements of gases 
and devising proper corrections to the recorded pressure value. Actual pressures of the benzene, cyclohexane 
and H2 were then determined by subtracting the contribution of Pair from the total pressure. Appropriate 
proportion of error in final pressure value originating due to the above data treatment, was taken into account 
during the further analysis. 

Fig 2 . Results obtained from the pressure dependent Raman measurements of O2, to determine 
the relationship of Raman intensity to the pressure of the gas, on our Raman spectrometer. The 
measured pressures of O2 is plotted against the recorded Raman band areas of the fundamental 
band of O2 observed at 1556 cm–1. The slope of the linear fit (shown in grey line) was used for 
intensity-to-pressure conversion in our analysis (see Section 3.6).

 Band areas of the pure rotational Raman transition (νi = 0, Ji = 3→ νf = 0, Jf = 5) observed at 1034 cm–1 
from H2, from 21 spectra acquired at varying pressures are shown in Fig 3 (a). Corresponding data, from 
22 measurements, for the ring breathing mode of gaseous benzene at 992.3 cm–1, measured after H2 with 
same laser power and exposure time, is shown in Fig 3 (b). Similar plots for the 814 cm–1 (vi = 0, Ji = 2 → 
vf = 0, Jf = 4) transition of H2, and 801.3 cm–1 band of cyclohexane, as the reference-sample pair, are shown 
in Figs 4 (a) and 4 (b), respectively. Here, both the reference and the sample have 16 data points each.
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Fig 3. Experimental pressure dependent Raman intensity data from; a) the 1034 cm–1 band of H2 as the reference, 
shown in green color; and b) the 992.3 cm–1 band of gaseous benzene as the sample, for Raman cross-section 
determination, shown in red color. For both the reference and the sample, the slopes are determined from a least-
squares linear fit of the data, with the intercept fixed to zero. Uncertainties in both x- and y-directions are considered 
in the fit and the 1σ errors in the slopes are mentioned. Residuals are shown on top in grey color.

Fig 4. Experimental pressure dependent Raman intensity data from; a) the 814 cm–1 band of H2 as the reference, 
shown in green color; and b) the 801.3 cm–1 band of gaseous cyclohexane as the sample, for the Raman cross-
section determination, shown in red color. For both the reference and the sample, the slopes are determined from 
a least-squares linear fit of the data, with the intercept fixed to zero. The 1σ error in the values of the slopes are 
noted. Residuals are shown on top in grey color.
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Table 1. Differential Raman cross-sections, (dσ/dΩ) ×10–30 cm2 sr–1 molecule–1 , of gaseous benzene and cyclohexane, 
at 532.2 nm. Interpolated values from previous works are listed for a comparison. Results acquired at using other 
wavelength excitation were interpolated using the frequency factor to the present wavelength. Results from liquid 
measurements were converted to approximate values in the gas phase using the local field correction.

Benzene (gaseous)

Present work Previous works Phase

6.052 (±0.163, 2.7%, 1σ)

Ref. 19a 6.56 (±0.33, 5%) Gas
Ref. 20b 6.56 (±0.33, 5%) Gas
Ref. 2c 4.95 (±0.48, 9.8%) Gas
Ref. 6d 2.09 (±0.69, 33%) Gas
Ref. 16e 5.56 (±0.17, 3%) Liquid
Ref. 21f 7.77 (±0.51, 6.6%) Liquid
Ref. 17g 1.78 (±0.14, 7.6%) Liquid
Ref. 18h 6.43 (±0.63, 9.8%) Liquid

Cyclohexane (gaseous)

Present work Previous works Phase

2.501 (±0.087, 3.5%, 1σ)

Ref. 20b 2.18 (±0.12, 4.7%) Gas
Ref. 21f 2.18 (±0.10, 4.6%) Liquid
Ref. 11i 2.33 (±0.23, 10%) Liquid
Ref. 12j 1.476 Liquid

 a: λexc = 514.5 nm. Using pure rotational Raman band of H2 at 1034 cm–1 as the reference.

 b: λexc = 514.5 nm. Using pure rotational Raman band of H2 at 1034 cm–1 as the reference.

 c: λexc = 488 nm. Using fundamental of N2 at 2330 cm–1 as the reference.

 d: λexc = 488 nm. Using fundamental of N2 at 2330 cm–1 as the reference.

 e: λexc = 488 nm. Blackbody radiator furnace as the radiation standard.

 f: λexc = 647, 514.5, 476, 407 and 351 nm. Direct measurement of the incident laser power and scattered intensity using 
 an integrating cavity.

 g: λexc = 488 nm. Direct measurement of the incident laser power and scattered intensity on a setup with known 
 efficiency of optical components.

 h: λexc = 514.5, 488, 441.6 and 325 nm. Interpolated value using data at 514.5 nm.

 i: λexc = 488 nm. C6D6 as the internal standard.

 j: λexc = 532 nm. Direct measurement of the scattered power and incident laser power. Error not mentioned. 

 The slope of the Raman intensity-vs-pressure curve correspond to the observed intensity divided by 
the number of molecules, I /N , required during the solution of Eq (3), when determining the Raman cross-
section of the sample. Therefore, the slope for the reference, mr = Ir /Nr, obtained from the experimental 
data on H2 (in Figs 3 (a) and 4 (a) ) and the slope for the target samples, ms = Is /Ns , obtained from the 
experimental data on benzene or cyclohexane (in Figs 3 (b) and 4 (b)) were used in our analysis. Boltzmann 
populations at the measured temperatures, for the initial states of the specific transitions studied in the 
samples and reference were computed. These along with the absolute Raman cross-section(s) of the reference 
bands, were used to determine the absolute Raman cross-section of the samples. The obtained results 
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were, 6.052 (1σ = 0.163, 2.7%) and 2.501 (1σ = 0.087, 3.5%), expressed as 10–30 cm2 sr–1 molecule–1, for 
benzene and cyclohexane, respectively. These results are for Raman scattered photons having polarization 
parallel to the incident laser (║detetection,║incident), and the known depolarization ratios [2] of the studied 
Raman bands allow for a straightforward determination of corresponding values for the detection of both 
the polarizations (║ + ⊥detetection, ║incident). Present numbers together with the results from previous works 
are listed in Table 1. Results from literature were interpolated to the present excitation wavelength using 
the frequency factor (νo v3

s ) if the excitation wavelength was different from the present work. The results 
on liquid samples were converted to approximate values in the gas phase using the local-field correction 

[20,33,34], 
dσ
dΩgas

 = L–1 
dσ
dΩliq

, where, L = 
ns

81n0
 (n2

s  + 2)2 (n2
0

 + 2)2, and ns and no are the wavelength 

dependent refractive indices of the liquid at the scattered and the incident wavelengths, respectively.

3.1 Error estimation 

 The net error in the absolute differential Raman cross-section of the sample was determined using 
standard expression for error propagation, derived for Eq (3), where the I/N terms were replaced with the 
slope determined from the experimental data. The equation used is given below:

 Δ 
dσs
dΩ = 

dσs
dΩ × 


Δms
ms 

2
 + 

Δmr
mr 

2
 + 

Δ(dσr /dΩ)
dσr /dΩ 

2
 (5)

Here, (dσs/dΩ) is the obtained value of the Raman cross-section of the sample, Δms and Δmr are the 
uncertainties in the slopes (ms and mr) of the sample and the reference, respectively, determined from sets 
of experimental data, and lastly Δ (dσr)/dΩ is the uncertainty in the value of the Raman cross-section of the 
reference, dσr /dΩ. 
 In the error estimation process, we used 1σ standard deviation in the slopes determined during the 
least squares fit, as Δms and Δmr, while Δ (dσr /dΩ) was estimated from the uncertainty in the numerical value 
of matrix element of polarizability anisotropy, required in the computation of the Raman cross-section of 
the reference (see Eq (4) and Section S1 of the supplementary material for more details). The magnitudes of 
uncertainties in the individual sources of error was, typically 2–3% for the slopes of the samples, below 1% 
for both the slope(s) of the reference and below 0.5% for the Raman cross-section of the reference. Additional 
error of 0.5% for benzene and 0.1% for cyclohexane was included to account for the purity of these samples. 
The net error (1σ) in the determined absolute (differential) Raman cross-section was 2.7 % for benzene and 
3.5% for cyclohexane.

4 Discussion 

 In the following discussion, the values of the differential Raman cross-sections have the unit: 
(dσ/dΩ) ×10–30) cm2 sr–1 molecule–1, and only the leading significant digits are mentioned for clarity.
  Table 1 shows that overall, the present results are in good correspondence with the previous 
reports. It is, however, observed that literature values are spread over a large range. For benzene, our 
value (6.052, ± 0.163) is in between the results by Abe et al [20] (6.56, ± 0.33) obtained using H2 as 
the reference, and by Fernández-Sánchez and Montero [2] (4.95, ± 0.48) who used the intensity of the 
fundamental of N2 at 2330 cm–1, as the intensity reference. Value reported by Fenner et al [6] (2.09, 
±0.69), also determined relative to N2, is substantially away from the present result and also from other 
gas phase values. Results obtained from liquid benzene are compared next, which have been converted 
to analogous gas phase values. Present result is in agreement with the number reported by Schomacker 
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et al [18] (6.43, ± 0.63), determined by a measurement of the incident and the scattered light. Whereas, 
our value is in disagreement with the analogous values (1.78, ± 0.14) by Skinner and Nilson [17] and by 
Trulson and Mathies [21] (7.77, ± 0.51), both obtained by measurement of incident and scattered power, 
but with different optical setups. Our results are greater than the value obtained for liquid benzene by Kato 
and Takuma [16] (5.56, ± 0.17), who measured the scattered power against radiation from a black-body 
furnace while noting the incident laser. It is worthwhile to mention that results by Fenner et al on gas phase 
benzene (2.09, ±0.69) and by Skinner and Nilson determined for liquid benzene (1.78, ± 0.14), are close.
 Results on the absolute Raman cross-section of gaseous cyclohexane are rather limited. The present 
value for cyclohexane (2.501, ± 0.087) is greater than the numbers reported by Abe et al (2.18, ± 0.12) 
for gaseous samples and by Trulson and Mathies [21] for liquid sample (2.18, ±0.10). Present value it is 
closer to the value by Colles and Griffiths [11] (2.33, ± 0.23) whose results have a larger error, determined 
relative to the 944 cm–1 band of benzene-D6, as the internal reference. Our gas phase result is significantly 
away, from the value for liquid cyclohexane, recently reported by Acosta-Maeda et al [12] (1.476). Notably, 
results by Abe et al and Trulson and Mathies are in good agreement with each other, for cyclohexane but 
not for benzene.
  Results from Udagawa et al [19] and Abe et al [20] (from the same research group) do require 
further mention. Their values were determined using rotational Raman lines from H2 as an intensity reference, 
similar to this study. For benzene, the present results are smaller than their results, 6.052 (our) vs 6.56 (Ref 
20), while for cyclohexane, the present values are larger, 2.501 (our) vs 2.18 (Ref 20). General scheme of 
the experiment in the work of Udagawa et al and Abe et al is same as the present study, where a mercury 
manometer was used to measure the vapor pressure. However, details on the impurities in the measured 
samples and the accuracy of pressure measurement are lacking in their work. This makes it difficult to 
identify the source of discrepancy between the present values and those reported in Refs 19 and 20, as well 
as other previous works; only more experiments can possibly clarify the situation. 
 The present experiments employed state-of- the-art instrumentation with accurate pressure 
measurements evident in the linear trend of the Raman intensity-vs-pressure plots shown for the gases (Figs 1, 
2 and 3). We identified air as an impurity existing in the sample chamber during the Raman measurements and 
devised corrections to the recorded total pressure values using the spectral signature of O2. The experiments 
were complemented with the highly accurate values of the absolute Raman cross-sections of the reference 
(H2), for which the calculations for wavelength dependent polarizability anisotropy were done earlier. The 
utilization of multiple data points (16 or more pairs) of pressure dependent Raman intensity values, was a 
major factor lowering the error introduced due to the prominent distribution of vapor pressure in the case 
of benzene and cyclohexane. Furthermore, this enhanced the reliability of our data analysis by reducing the 
impact of outlying values. These overall advancements lead to a considerable reduction in the uncertainties 
of the present results, noticeable in Table 1.
 Nonetheless, there is significant room for improvement, particularly in the experimental techniques 
of the present study. One large contribution of error is from the contamination of the sample chamber 
with air. This causes substantial spread in the pressure values (and increase in the uncertainties) especially 
for gaseous benzene and cyclohexane, whose vapor pressures are relatively low at room temperatures (< 
0.14 atm at 298 K) [31]. Condensation from the vapor phase benzene and cyclohexane on the walls of the 
gas setup (also noted by Fernández-Sánchez and Montero [2]), results in a longer duration for gas-liquid 
equilibrium to be established, and using a smaller sized gas-setup should help. Temporal variation in the 
laser power leads to fluctuations in the observed Raman intensities, which is another source of error. This 
can be significant, up to 2%, for present experiments since the spectra from the reference and sample are 
acquired at different times with a gap of several hours. Compensation for the deviation in laser power 
determined by a real-time laser power measurement will be required to minimize this error.
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5 Conclusions

 The absolute differential Raman cross-section of the totally symmetric ring breathing mode in 
gaseous benzene (ν2, 992.3 cm–1) and cyclohexane (ν5, 801.3 cm–1), were determined using 532.2 nm 
laser. The Raman cross-sections were obtained by comparison of the observed Raman intensities from 
these molecules with the intensities of the pure rotational Raman bands of H2 (at 1034 and 814 cm–1) as 
the reference, whose absolute Raman cross-sections were calculated with high accuracy.
 The Raman cross-sections of benzene and cyclohexane have been frequently used for a relative 
determination of the Raman cross-sections of other molecules.[11,35,36]. Hence, the present results, with 
improved accuracy are particularly important for future experiments on this subject. With regard to the studies 
on the vibrations of benzene and cyclohexane, the reported values are required for obtaining accurate value 
of effective Raman tensor components for the studied vibrational modes [2]. Present experimental values 
for the gas phase, may be used as a standard for comparing analogous results from ab-initio calculations, 
typically performed for molecule(s) in vacuum.
 The present technique of employing large dataset on the pressure (or concentration) dependent 
Raman spectra, for the relative determination of Raman cross-sections is shown to be a powerful approach. 
This method is easily extensible to other molecules of interest, both in the gas and liquid phase for such 
studies.

Supplementary material and data availability

 Supplementary Material (6 pages) includes the following content. Sec. S1: Details on the computation 
of Raman cross-section(s), with tabulation of the ro-vibrational matrix elements for H2 and the computed 
Boltzmann populations. Sec. S2: Additional details on the experimental setup (diagram of the Raman 
spectrometer and the sampling setup); Sec. S3: Intensity calibration of the Raman spectrometer; and Sec. 
S4: Temperature dependent vapor pressure data for benzene and cyclohexane.
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