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Abstract.  A Raman spectrometer for gaseous media with a detec-
tion limit at a level of 100 ppb is developed. The results of its exper-
imental approval on exhaled air samples from healthy people con-
firmed the possibility of monitoring the concentrations of a number 
of hydrocarbon compounds and 13CO2. The ways of further devel-
opment of this analytical method are outlined.

Keywords: Raman spectroscopy, gas analysis, exhaled air, diagnos-
tics of diseases.

1. Introduction 

The diagnostics of diseases based on the analysis of the com-
position of a patient’s exhaled air (EA) is a promising direc-
tion in modern medicine. This method relies on the fact that 
EA  contains,  along with  atmospheric  components  (N2, O2, 
CO2, and H2O), trace concentrations of other compounds –
products  of  biochemical  processes  occurring  in  a  human 
organism. Many of these compounds (for example, CO, NO, 
H2,  CH4,  13CO2,  C2H5OH,  C3H6O,  etc.)  have  a  very  high 
specificity and can be used as biomarkers of diseases  [1 – 3]. 
This method is attractive primarily due to its noninvasiveness. 
First,  it  is  safe because  it excludes  infectious contamination 
through blood or  tools. Second, patients do not  experience 
any physical or emotional discomfort. 

To  date,  the most widespread method  for  determining 
the  EA  composition  is  gas  chromatography – mass  spec-
trometry [4 – 7]. This approach is characterised by very high 
sensitivity; however, it requires expendable materials, com-
plex sample preparation, and highly qualified maintenance; 
in addition, it does not allow one to perform real-time mea-
surements. The methods based on optical spectroscopy are 
free of these drawbacks. The most popular approach is the 
diagnostics of EA composition by absorption spectroscopy, 
with  tunable  diode  IR  lasers  used  as  radiation  sources 
[8 – 11]. This  technique  is  characterised  by  combination of 
good  selectivity  and  high  sensitivity  (to  several  tenths  of 
ppb).  In  turn,  it  has  two  specific  features. First,  homonu-

clear  diatomic molecules  do  not  absorb  IR  radiation. On 
the one hand,  this  feature  is  favourable, because  it  facili-
tates  identification of  impurities against  the nitrogen and 
oxygen  background. At  the  same  time,  this  circumstance 
does not make it possible to measure, for example, the con-
centration of hydrogen produced by intestinal bacteria and 
playing the role of indicator of gastrointestinal tract disor-
der  and  problems  with  malabsorption  of  hydrocarbons 
[7,  12 – 14]. Second, with allowance  for  the  relatively nar-
row  wavelength  tuning  range,  absorption  spectroscopy 
does  not make  it  possible  to measure many  different  gas 
components  using only  one  emitter – detector  pair, which 
limits significantly its applicability. 

Raman  spectroscopy  is  free  of  the  aforementioned 
drawbacks. The essence of  this method  is  in scattering of 
excitation laser radiation by molecules of a medium at fre-
quencies determined by their internal structure; the inten-
sity  of  informative  scattering  signals  is  directly  propor-
tional  to  the  concentration  of  scattering  molecules.  The 
main advantage of  this  analytical  technique over absorp-
tion  IR  spectroscopy  is  the  possibility  of  simultaneous 
monitoring of all molecular components of medium using 
one laser with a fixed wavelength in the visible range. For 
a long time the application of this approach in gas analysis 
was  limited,  because  there  was  no  instrumental  base  for 
recording Raman spectra with a high signal-to-noise ratio. 
However,  the  situation has  changed  in  the  last  decade  in 
view of  the  development  of  highly  sensitive multichannel 
photodetectors  and  narrowband  holographic  filters,  as 
well  as  the  elaboration  of  technical  solutions  aimed  at 
increasing  the  recorded  signal  intensity  [15 – 19].  As  a 
result, a detection limit at a level of 1 ppm was provided for 
the method [20 – 22]. The potential of Raman gas analysis 
was previously demonstrated by determining the composi-
tion  of  atmospheric  air  [21,  23]  and  fuel  gases  [24 – 27], 
using,  in particular,  the  lidar  technique  [28 – 30].  In addi-
tion, several research teams have described the prospects of 
this  approach  for  analysing  the  EA  composition 
[22,  31 – 33]. Our work is aimed at increasing the sensitivity 
of this method to a level below 1 ppm and performing its 
experimental approval on EA samples.

2. Experimental setup 

The main  problem  to  solve  for  a  developer  of  a  Raman 
spectrometer of gas media is to provide a high intensity of 
informative scattering signals. The most efficient approach 
in this context is to compress the gas medium under study, 
because  the  Raman  signal  intensity  depends  almost  lin-
early on pressure [34]. This approach was approved in [20], 
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where  the  signal  intensity  was  increased  by  a  factor  of 
about  50.  Another  approach  deserving  attention  is  the 
increase in intensity as a result of multipass scattering excita-
tion. It was shown in [16, 33] that a signal can be enhanced by 
a  factor  of  20  in  this  way.  Taking  into  account  that  joint 
application of these approaches should provide a multiplica-
tive effect, they were laid in the basis of the developed setup, 
whose scheme is shown in Fig. 1.

Its principle of operation is as follows. Before each analy-
sis, the entire gas-transport part (including the cell) is evacu-
ated by a backing pump. An EA sample is loaded in a pre-
liminary container, whose volume can be increased to 3 L. 
This  container  is  connected  with  an  oil-free  compressor, 
which compresses the sample in a 30-cm3 cell to a pressure of 
20 atm. Then a Raman spectrum starts being recorded. The 
beam of a 5-W cw laser (l = 532 nm) is directed to the cell, 
with a multipass optical system (see [33]) mounted at its end 
faces. As a result of multiple reflections from concentrically 
located  spherical  mirrors,  two  laser-beam  intersection 
regions are formed at the cell centre. Each is a source of scat-
tered light, in which the intensity of excitation beam is pro-
portional  to the number of  its passes. The scattered radia-
tion is collected by a lens objective with an aperture ratio of 
1 : 1.8, spaced from the cell centre by a distance equal to the 
focal  length.  Being  transmitted  through  a  notch  filter  (to 
reduce  Rayleigh  scattering),  the  collected  radiation  is 
directed (using a similar lens objective) to the input slit of an 
MKR-2  spectrometer  (Sibanalitpribor  Ltd.,  Russia).  This 
instrument equipped with a Hamamatsu S10141 CCD array 
(512 ́  2048 pixels) provides simultaneous spectral measure-
ments  in  the  range  of  532 – 680  nm.  Upon  excitation  of 
Raman spectra by a 532-nm laser, the aforementioned wave-
length band is equivalent to the range of wavenumber shifts 
from 0 to 4000 cm–1. Working in this range, one can perform 
simultaneous monitoring of all molecules whose concentra-
tions  exceed  the  threshold  value.  The  estimate  of  the 
obtained sensitivity will be given below.

We recorded spectra of two EA samples from two young 
(30 – 35  yr)  persons  without  chronic  diseases,  who  did  not 
smoke  and  had  no  complaints  on  health.  The  EA  sample 
intake time from the last ingestion exceeded 2 h. An examinee 
took a deep breath directly before sampling and then (without 
breath delay) a complete exhale, the second half of which was 
fed to a sample container. In addition, we recorded the spec-
trum of the air in the room where the experimental setup was 

mounted,  because  the  examinees  breathed  in  this  air.  The 
recording time was 500 s per spectrum. 

3. Results and discussion

Figure 2  shows  the  recorded Raman spectrum of EA.  Its 
main  part  consists  of  fundamental  nitrogen  (2330  cm–1) 
and oxygen (1555 cm–1) bands, which are saturated because 
of  the  limited  dynamic  range  of  the  detector.  The  low-
wavenumber oxygen wing contains a Fermi dyad of carbon 
dioxide  (1285 cm–1/1388 cm–1). The next  in  intensity  is  the 
water  vapour band  (3652  cm–1).  It  is  noteworthy  that  the 
water  vapour was  partially  condensed  due  to  the  sample 
compression, and the observed band intensity was propor-
tional to the saturated water vapour pressure at room tem-
perature. 

The spectra exhibited most significant differences in the 
range of 2650 – 3150 cm–1 (Fig. 3). The spectrum of atmo-
spheric air contained only an oxygen overtone (3088 cm–1) 
and  a  methane  peak  (2917  cm–1)  in  this  range.  The  EA 
spectra exhibited much more peaks, primarily, due to the 
manifestation of carbon dioxide peaks at 2673, 2990, and 
3022 cm–1 because of its elevated concentration [35]. Along 
with  this,  the methane peak  intensity  is much higher  for 
both  EA  samples.  Proceeding  from  its  concentration  in 
atmospheric air (2 ± 0.1 ppm), one can conclude that its 
concentration  in  EA  samples  was  approximately  9  and 
14 ppm. Note that a methane concentration below 10  ppm 
[36] is considered as normal, whereas an excess above this 
value is indicative of problems with gastrointestinal tract 
[12]. In turn, the spectrum of sample 1 as compared with 
the spectrum of sample 2 is characterised by larger inten-
sity  values  at  wavenumbers  of  2887,  2940,  2990,  and 
3065  cm–1.  The  wavenumber  of  2940  cm–1  corresponds 
acetone, which is rather often present in EA [37, 38]. The 
peak with a maximum at 2887 cm–1 is most likely due to 
ethanol, which also contributes to the intensity of peak in 
the vicinity of 2940 cm–1. However, the presence of these 
two molecules  cannot  explain  the  enhanced  intensity  of 
the peaks  in the range of 2990 and 3065 cm–1. Since this 
range is characteristic of C – H stretching vibrations, one 
can  state  that  sample  contains  some  other  hydrocarbon 
compounds;  however,  their  identification  calls  for  a 
deeper analysis. 
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Figure 1. Schematic of the experimental setup: 
( 1 ) air sample container;  ( 2 ) oil-free compressor;  ( 3 ) backing pump; 
( 4 ) gas cell; ( 5 ) laser; ( 6 ) lens; ( 7 ) spherical mirrors; ( 8 ) lens objectives; 
( 9 ) notch filter; ( 10 ) spectrometer.
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Figure 2. Raman spectrum of exhaled air in the range of 300 – 4000 cm–1. 
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Along  with  the  above-considered  spectral  range,  differ-
ences between the EA spectra were revealed near the wavenum-
bers of 1320 and 1370 cm–1 against the background of carbon 
dioxide Fermi dyad (Fig. 4). Since the difference in the intensi-
ties exceeded the noise level by more than an order of magni-
tude, it was due to the difference in the contents of correspond-
ing molecules in the EA samples. The deviation in intensity at a 
wavenumber of 1370 cm–1 indicates a variation in the relative 
concentration of isotopologue 13CO2 [39], which can be within 
± 3 ‰ for healthy people [40]. In turn, the concentration ratio 
13CO2/12CO2 can be used to detect the infection by Helicobacter 
pylori bacteria [8, 11, 41, 42] using a 13C urease test. The differ-
ence in the peak intensities at a wavenumber of 1320 cm–1 is most 
likely due to the change in the NO2 content, which, in turn, is an 
indicator of pulmonary diseases [43, 44]. Note that we did not 
perform any exact calculations of variations  in  the concentra-
tions of the aforementioned components. To this end, it is neces-
sary to correctly take into account the spectra of the dominant 
components  (O2, CO2, CH4, H2O), which  is  expedient  to  do 
when processing a larger number of EA samples.

Let us estimate the detection limit of the developed exper-
imental  setup.  In  correspondence  with  the  atmospheric  air 
spectrum, the signal-to-noise ratio, defined as the ratio of the 
peak  intensity of  the methane band  (2917  cm–1)  to  the  rms 
noise deviation, turned out to be ~20. With allowance for the 
fact  that  the methane concentration  in atmosphere  is about 
2  ppm,  the  detection  limit  of  the  system  is  at  the  level  of 
100 ppb. Since each type of molecules has its own scattering 
cross section [45], the detection limit for them should also dif-
fer [25]. However, taking into account that most of hydrocar-
bon compounds have a scattering cross section close to that 
for methane or exceeding it, one can state that the detection 
limit  for  most  of  volatile  organic  compounds  in  EA  is 
~100 ppb. According to [2, 3], an instrument with this sensi-
tivity can be used to monitor a number of biomarkers: ace-
tone, carbon oxide, methane, hydrogen, ammonia, isoprene, 
ethanol, and methanol. It should be noted that this sensitivity 
can be additionally improved by at least an order of magni-
tude using a laser of higher power (for example, 10 W), along 
with a photodetector cooled to –70 °С, and/or increasing the 
spectrum recording time. As a result, the range of monitored 
biomarkers can be significantly expanded. At the same time, 
in the cases where a moderate sensitivity (at a level of 1 ppm) 
is sufficient, measurements can be performed without sample 
compression or long exposure times (i.e., one analysis per sec-
ond can be carried out).

4. Conclusions

We demonstrated  the  potential  of Raman  spectroscopy  for 
analysing exhaled air composition. The detection limit of the 
developed experimental setup turned out to be ~100 ppb for 
hydrocarbon compounds. Despite the fact that the sensitivity 
of this method is currently lower than that of absorption spec-
troscopy, it can be used for complex monitoring of all molec-
ular compounds in analysed air whose concentrations exceed 
the aforementioned value. This is an advantage over IR sen-
sors; it can be useful when searching for new biomarkers. In 
turn, to provide a measurement accuracy for molecules of cer-
tain types close to that of absorption spectroscopy, the sensi-
tivity must be increased by about two orders of magnitude. It 
should  be  noted  that  the  recorded  Raman  spectra  can  be 
applied both for qualitative determination of biomarkers (by 
comparing the wavenumbers of observed peaks with tabular 
data  or  by  comparing  spectra with  reference  ones)  and  for 
gaining information about the deviations in EA composition 
without detailed interpretation of spectra using modern pro-
cessing  techniques,  such  as  neural  networks  and  machine 
learning. 
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