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     Satellites, such as CubeSats, are used for a variety of educational and scientific purposes including surveillance, communication, and re-
search. Their utility while in orbit can be greatly enhanced and prolonged by propulsion mechanisms such as micro-resistojets, which operate by 
expansion of gas through the nozzle. Although computer simulations have progressed in describing the high-speed viscous flow, experimental 
efforts are needed to validate and verify these models. Because of the low pressures (< 1 Torr) in which micro-resistojets operate and because 
of the high spatial resolution (100 um) required to resolve the nozzle exhaust at its exit diameter (1-2 mm), diagnostics of the micro-resistojet 
exhaust are difficult to achieve. To address this obstacle, a fiber-coupled, multiple-pass cell for spontaneous Raman scattering spectroscopy of 
the nozzle exhaust in a vacuum chamber was developed. Proof of principle measurements are successfully performed and illustrated at 1 Torr 
and 500 mTorr for H2 thermometry. Each spectral acquisition takes 15 and 30 minutes, respectively.
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DEVELOPMENT OF SPECTROSCOPIC TOOLS TO STUDY 

RAREFIED GAS FLOWS IN NON-EQUILIBRIUM 

INTRODUCTION 

The need for intelligence, surveillance and reconnaissance in the U.S. Navy is driving researchers 

to improve satellite technology and their propulsion systems in orbit. A particular type of satellite, known 

as a CubeSat, is widely used for scientific measurements and communication. They are relatively small, 

cubic in shape, and weigh only a few kilograms. As such, they are relatively inexpensive secondary 

payloads on greater launch endeavors.  

CubeSats are excellent scientific tools performing various research objectives on the atmosphere 

and the planet while in orbit. However, they lack means to readjust their trajectory and, therefore, last only 

a few months before succumbing to the Earth’s gravitational pull. In order to ameliorate this shortcoming 

and extend their lifespan, researchers are investigating the use of resistojets as propulsion mechanisms for 

these small satellites. 

Resistojets are simple micro-jets that work by the expansion of gas through resistive heating in a 

chamber and the expulsion of the heated gas through a nozzle just 1 to 2 mm in diameter. Although simple 

in design, the thermodynamics, fluid dynamics, and heat transfer through the nozzle can be rather complex 

and difficult to model. In order to optimize various physical properties of the nozzle, a detailed 

understanding of the temperature, velocity and number density of the propellant gas is necessary.  

The high-speed, viscous nature of the exhaust from the nozzle operating at low pressures yields a 

challenging environment for these studies. These conditions result in low number densities of the chemical 

species in the propellant and non-equilibrium of their internal modes. As such, techniques to investigate the 

rarefied gas must be sufficiently sensitive to function in the mTorr range and must have the capacity to 

discriminate between the internal and external modes of the molecules. 

Raman and Rayleigh scattering spectroscopy are powerful diagnostic tools capable of investigating 

the non-equilibrium of the rotational, vibrational and translational modes of the gas molecules in the flow. 

The main challenge with these spectroscopic techniques, however, is the low signal in spontaneous Raman 

scattering (SRS) spectroscopy and the low spectral resolution in Rayleigh scattering spectroscopy. The 

signal in SRS spectroscopy is weak and proportional to pressure which, at the mTorr range, would be buried 

in electronic noise. Furthermore, the spectrum in Rayleigh scattering is weakly sensitive to changes in 

translational temperature and velocity, unresolvable by common spectroscopic instruments. 

In this work, a novel multiple-pass cell approach will amplify the SRS signal and an innovative 

filtered Rayleigh scattering system will analyze the Rayleigh signal. Similar instruments with high spatial 

resolution have been developed for atmospheric flame experiments but currently do not exist for low-

pressure measurements where non-equilibrium is most prominent. One of the essentials for the success of 

this work is the use of a continuous-wave laser rather than pulsed lasers, because the high fluence (W/cm2) 

per pulse at low pressures would induce photo-dissociation in the molecules, perturbing and fundamentally 

changing the flow. These instruments will reveal the degree of non-equilibrium between the rotational, 

vibrational and translational temperatures, while also studying the bulk flow behavior namely velocity and 

number density. 

____________
Manuscript approved June 24, 2019.
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REVIEW ON SCATTERING OF LIGHT 

Light traveling through a gaseous medium predominantly scatters elastically, without exchanging 

energy with the molecules. This is known as Rayleigh scattering. However, a very small percentage of light 

interacts with the molecules and exchanges its energy. This can be detected by the change in frequency of 

the scattered light and is known as the Raman shift, usually measured in wavenumbers (1/cm). Discovered 

experimentally by C. V. Raman in 1928, the Raman effect refers to the small portion of light that scatters 

inelastically from molecules [1, 2]. 

 

 Both, the elastic and inelastic scattering effects of light on molecules, is useful in spectroscopy to 

study the thermodynamic state of the molecules. In Rayleigh scattering, photons from a single frequency 

laser are Doppler shifted after scattering as a result of the thermal and bulk motion of the molecules. Also, 

the scattering intensity is proportional to the number density of the molecules. As such, Rayleigh 

spectroscopy can be used to examine the velocity, translational temperature, and concentration of 

molecules. 

 

In spontaneous Raman scattering, the electromagnetic waves in light interact with the electron 

cloud of the molecules inducing a polarization. This polarization acts as a dipole on the molecule which 

oscillates at a resonant frequency defined by unique molecular parameters. The exchange in energy is 

quantized at the molecular level. Thus, inelastic light scattered can be shifted down or up in frequency 

depending on whether the quantum state of the molecule increases or decreases.  

 

Because the quantized exchange is proportional to unique molecular parameters, the Raman shift 

detected in the spectrum of light scattered is a unique molecular fingerprint of the rotational and vibrational 

states of the molecules. The relative intensity of rotational transitions illustrated on a spectrum is a function 

of the rotational temperature of the molecule and modelled as a Boltzmann distribution, when in equilibrium 

[3]. The same is true for vibrational bands. As a result, Raman spectroscopy is an excellent technique to 

separately evaluate the internal modes of diatomic molecules in non-equilibrium [4, 5]. In some cases, the 

overall intensity of the spectrum can be calibrated to report a number density or concentration of the 

molecule [6].  

 

In Rayleigh scattering, the elastic scattered light is at the same frequency as the incident laser light 

[7]. As a result, it can be difficult to discriminate between the source light and the scattered light. Using a 

filtered Rayleigh scattering approach, however, the center peak light in the Rayleigh spectrum can be 

attenuated so that the sidebands can be more closely inspected [8]. The intensity of the sidebands are 

proportional to the gas density and their shape, or width, is proportional to the translational temperature of 

the gas. Furthermore, due to the Doppler effect, spectral shifts in the Rayleigh signal are proportional to the 

velocity of the gas [9, 10].  

LITERATURE REVIEW 

The scattering of light has been used for decades to explore the thermodynamics of gaseous mediums. 

In combustion science, Raman scattering has been extensively used to explore the temperature of the flame 

and its chemical composition [11, 12, 13, 14, 15]. Often, temperature is derived from the spectrum of the 

N2 vibrational bands and combustion relevant chemical species such as H2, O2 and CO2 can be detected. 

Pulsed lasers can be used to deliver a dose of high beam fluence in a short period of time and in a relatively 

small probe region. In low pressure flows, however, the spontaneous Raman scattering signal is severely 

attenuated and a cavity-enhanced approach [16, 17, 18, 19] or multiple-pass cell [20, 21] are necessary.  
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Due to the unique spectral signature of each molecule, Raman spectroscopy is highly useful in 

monitoring multiple gases at once. Furthermore, the rotational and vibrational modes can sometimes be 

studied independently. This is particularly advantageous when examining nonequilibrium plasmas and 

supersonic shear layers [4, 22, 23, 24]. 

Rayleigh scattering has also been extensively used to explore gaseous flows [7]. In spite of the inability 

to spectroscopically distinguish between the light source and the scattered light, various techniques have 

been successfully developed and applied to study the translational temperature, gas density, and gas 

velocity. An atomic filter, such as an iodine cell has been used to attenuate the peak center intensity of the 

Rayleigh signal, thereby permitting analysis of the sidebands [8, 25]. A Rayleigh-Brillouin technique is 

particularly useful for remote sensing applications at a variety of temperatures and pressures [26, 27, 28]. 

Yet, another approach makes use of a Fabry-Perot interferometer to analyze the Rayleigh signal in flows at 

high sampling rates (kHz) [29, 30, 31, 32].  

The small nozzle size of resistojets and their low-pressure flow make them difficult to study 

experimentally and model. To our knowledge, experimental efforts are far fewer than the theoretical models 

they attempt to validate. A non-linear, four-wave mixing version of Raman spectroscopy, known as 

coherent anti-Stokes Raman scattering (CARS) spectroscopy, has previously been used to study small 

nozzles and resistojets [33, 34]. CARS is capable of amplifying the Raman signal by directly inducing a 

polarization on the molecule. It is several orders of magnitude stronger in intensity than spontaneous Raman 

spectroscopy and can be highly spatially resolved. However, this approach is rather expensive and bulky, 

requiring at least two lasers and many optical components. Other experimental approaches have attempted 

to study the influence of nozzle geometry on thrust performance [35]. 

Modeling efforts, on the other hand, attempting to understand the high speed, viscous flow in small 

nozzles, have been more abundant [5, 33], especially from the US Air Force Research Laboratory [36, 37], 

NASA [38], and the US Naval Research Laboratory [39, 40]. They have highlighted the importance of the 

shear layer at the walls and the viscosity of the flow.  

The objective of this work is to develop a diagnostic instrument, based on spontaneous Raman 

scattering spectroscopy and Rayleigh spectroscopy, capable of investigating the nonequilibrium flow of 

micro-nozzles. For this, the spectroscopic approach will have to provide highly spatially resolved 

measurements at low pressures which will offer a relatively compact and portable technique for these type 

of measurements. 

APPROACH 

By developing a highly spatially resolved spectroscopic instrument that significantly enhances the 

scattering signal of a low pressure gas in non-equilibrium, we can make use of spontaneous Raman 

scattering and filtered Rayleigh scattering to study the thermodynamics of the flow in a compact, cost-

effective and fiber-coupled manner. There are other spectroscopic techniques, such as coherent anti-Stokes 

Raman scattering spectroscopy and laser induced fluorescence spectroscopy, which have been shown to 

perform these type of measurements at relevant pressures. However, these techniques are costly and require 

significant laboratory space and instrumentation to perform. Furthermore, due to the pulsed nature of their 

light source, these techniques risk ionization of the gas at such low pressures thus perturbing the flow. Our 

approach is nonintrusive, relatively cheap, spatially compact, and fiber coupled. The following is a 

description of our approach to develop this instrument. 
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Optical Design of Fiber Launch System 

 

There are various unique aspects of this optical system that make this research endeavor possible. 

First and foremost is the design of the multiple-pass cell, discussed later, which greatly enhances the 

fluence of laser light on the probe volume thereby multiplying the spontaneous Raman signal. Second is 

the delivery of the laser light through a custom-made optic fiber manufactured by Coastal Connections. 

The 8-meter long, high power, vacuum optic fiber is capable of transferring the 5-W, 532-nm beam from 

a Coherent Verdi G Series SLM and couple the light into the multiple-pass cell. The fiber launch system 

is illustrated in Fig. 1.  

 

 
 

Fig. 1- Fiber launch system used to couple the 5-W, 532-nm beam from a Coherent Verdi G SLM to a high power, 

vacuum optic fiber by Coastal Connections: half-wave plate (λ/2), polarizing cube beamsplitter (BS), beam 

expander (BE), objective lens (OL) and mirror (RX).  

 

Particular care must be given to the startup and alignment procedure of the laser to avoid damaging 

the fiber. The Verdi laser power supply is equipped with a control knob allowing for the modulation of the 

beam energy output.  For optimal performance, the Verdi laser must be powered, set to the maximum beam 

energy output required and allowed to warm-up for at least hour. The beam energy output must not be 

changed. Changes to the beam energy output result in thermal changes in the cavity thus provoking beam 

steering. Maintaining the beam energy output fixed minimizes beam steering. Alignment to the fiber, 

however, must be performed at low beam energies so as to prevent damaging it. Therefore, at the start of 

the 1-hour warm-up time, the laser power output is fixed to its maximum of 5-W. The fiber launch system 

contains a variable attenuator composed of a half-wave plate (Thorlabs, WPH05M-532) and polarizing 

cube beamsplitter (Thorlabs, GL10-A) to attenuate the beam energy without having to change the energy 

output.  

 

In order to adequately focus the beam onto the fiber, two conditions must be met: the incident beam 

must match the numerical aperture of the fiber and the diameter of the incident beam must be smaller than 

the diameter of the fiber core. For these purposes, a high-power beam expander (Thorlabs, BE02-532), used 

in reverse, decreases the diameter of the beam from 2.2 mm to approximately 1.1 mm. A high-power 

objective lens (Thorlabs, LMH-20x-532) then focuses the beam to a nearly diffraction limited diameter. 

This is much smaller than the 250-µm ferrule of the fiber. 

 

Two mirrors, mounted on kinematic mounts, are used to align the beam onto the fiber. Fine 

adjustment of the orientation of the fiber with respect to the beam is accomplished by a 4-axis MicroBlock 

Stage (Thorlabs, MBT402D) with four adjustments: two translation and two rotation. The MicroBlock 

Stage is mounted on a translation stage (Thorlabs, MBT501) to allow for adjustments in the direction of the 

optical axis. 
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The fiber launch system is mounted on a portable cart, as shown in Fig. 2. The cart is a 80/20 T-

slot framing system that is 55 inches tall, 36 inches wide and 27 inches deep. The bottom shelf houses the 

laser power supply, laser chiller and chiller for the Newton EMCCD camera (Andor). The middle shelf 

houses the Kaiser HOLOSPEC spectrograph and Newton EMCCD camera and its components. The top 

shelf is fitted with an optical breadboard on which the fiber launch system is fixed. The cart is installed 

with wheels so that it can be moved as needed and sliding panels to cover and protect the equipment within. 

 

 
 

Fig. 2- Portable cart on which fiber launch system is mounted. Bottom and middle shelf house the laser power 

supply, chiller, spectrograph and EMCCD camera. Top shelf is fitted with optical breadboard and fiber launch 

system. 

 

On the other end of the fiber, the beam enters the multiple-pass cell and, after nearly 100 passes, 

exits the cell and is stopped by a beam dump, as illustrated in Fig. 3. The collection of the Raman signal 

is orthogonal to the multiple-pass cell and is composed primarily of two 100-mm, 2-inch achromatic 

doublets (Thorlabs, AC508-100-A) that collect the Raman signal and focus it through a 100-µm pinhole. 

The pinhole was selected so as to limit the dimensions of the probe volume as discussed in the following 

section. Two additional doublets (Thorlabs, ACA254-050-A and Thorlabs, ACA254-030-532) collect the 

signal and couple it into a 200-µm fiber. The fiber delivers the collected Raman light to a F/1.8 HoloSpec 

spectrograph, equipped with a low-frequency grating centered at 532 nm (HSG-532.0, LF) and a Newton 

EMCCD camera. 
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Fig. 3- Raman collection optics and multiple-pass (MP) cell: conflate flange (CF), mirror (RX), doublets (DB), 

pinhole (PH) and beam dump (BD). 

 

Multiple-pass Cell 

 

The multiple-pass cell was a designed and manufactured by Southwest Sciences Inc. in a similar 

fashion as those in Ref. [41, 42] with the aim of increasing the laser beam energy density at the center 

envelope. The concept is straight forward: it is a modified version of a Herriott cell [20, 21]. A beam of 

light enters the cell of two concentric mirrors through a hole in one of the mirrors, reflects multiple times, 

refocusing every time, creating an elliptical patters on each mirror, and exits the cell through the same hole 

it entered. However, designing the multiple-pass cell, such that it performs as described, requires very 

careful engineering. The design of the multiple-pass cell satisfies the specifications in Tab. 1.  

 
Tab. 1- Specifications for multiple-pass cell. 

 

Item Specification 

Number of passes (N) > 100 

Input Wavelength 532 nm 

Max Laser Power 5 W 

Mirror Spacing 20 cm 

Thermally Insensitive Yes 

Vacuum Operation Yes 

Reflectivity ≥ 99.7% 

Length of Central Envelope ≤ 1.0 mm (depends on N) 

Thickness of Central Envelope ≤ 100 µm (depends on N) 

 

A confocal cavity is created consisting of a pair of spherical mirrors (Rocky Mountain Instrument 

Co., 2” diameter, 50 mm FL, R> 99.7% at 532 nm) aligned near their concentric limit such that the spacing 

between the mirrors approaches four times the focal length of the mirrors, as shown in Fig. 4. The software 

ZEMAX was used to optimize this alignment so as to minimize the beam spot radius at the center envelope 

of the cell between both mirrors. For this to work, a collimator (Thorlabs, CFC-11X-A) is used to focus the 

beam from the optical fiber. Separating the mirrors increases the number of passes. The largest number of 
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passes achievable depends on the stability and optical alignment, especially as the number of passes is 

increased. For instance, the change in mirror separation to reach 102 passes, from 100 passes, is calculated 

to be only 8 µm. 

 

 
 

Fig. 4- Diagram of the multiple-pass cell. 

 

At the center envelope, the cross section of the traversing beams create an elliptical pattern like the 

pattern imprinted on the mirrors when the beam reflects off of them. This is illustrated in Fig. 5. The 

dimensions of the major and minor axis of the ellipse can be controlled by the alignment of the mirrors and 

the orientation of the beam entering the cell. The beams do not overlap entirely. However, the minor axis 

of the ellipse can be minimized so that the traversing beams toward the ends of the elliptical pattern overlap 

partially. Because of its geometry, increasing the number of passes in the cell also decreases the size of the 

elliptical envelope of the crossing beams at the center. Continuing to increase the number of passes or 

decreasing the size of the envelope will ultimately result in the condition in which the beam reflects back 

unto itself. This must be avoided so as to prevent damaging the fiber. 

 

 
Fig. 5- Diagram of crossing beams and spot pattern at center envelope. 
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The beam exists the cell through the same hole it entered. However, it exists at a slightly different 

angle and, as such, can be separated and stopped by a beam dump without damaging the fiber. 

Probe Volume 

 

One of the uniquely challenging aspects of this work is the necessity for high spatial resolution 

(100 µm) at low pressures. As discussed, the scattering signal is greatly amplified by the multiple-pass cell. 

However, restricting the volume from which the signal is collected, so as to create a small probe volume, 

also diminishes the gains obtained from the multiple-pass cell.  

 

As shown in Fig. 5 above, the major axis of the center envelope can be as large as 1 mm while the 

minor axis is in the 85-300 µm range. The reflecting beams overlap at the ends of the elliptical pattern and 

it is in one of these that a highly spatially resolved Raman signal can be collected. Fig. 6 below illustrates 

the probe volume carved out by the optical window created by the pinhole in the collecting optics. The 

pinhole is 100 µm in diameter and serves as the aperture stop for the optical train in the collecting optics. 

The pinhole is imaged one-to-one by the 100 mm doublets. Therefore, the window of light that is imaged 

into the 200-µm fiber is also 100 µm in diameter. 

 

 
Fig. 6- Illustration of probe volume. Corner elliptical envelope illustrated by green circles.  

Beam is normal to the page. 

 

The length of the probe volume is defined by the depth of the overlapping beams at the end of the 

elliptical envelope. It was estimated to be approximately twice the beam waist when the length of the minor 

axis of the ellipse is minimized. The beam waist at the envelope of the multiple-pass cell was measured at 

around 86 µm using a knife edge technique in which the distance the knife travels through the cross section 

of the beam is measured with respect to the beam energy transmitted. Therefore, the length of the probe 

volume is estimated at approximately 172 µm, or 170 µm to the nearest significant figure. 

 

 The approach described above is useful for enhancing the spontaneous Raman and Rayleigh signal 

scattering from the 100 µm in diameter and 170 µm long probe volume in the multiple-pass cell. In order 

to study the spontaneous Raman scattering signal, the light collected must be dispersed by a holographic 

grating in the Kaiser HoloSpec housed in the cart. The Raman spectrum is then collected by a Newton 

EMCCD camera and a fitting routine, based on a semi-classical approach, can be applied to extract a 

temperature. 

Fitting Routine 

 

 A thorough review of semi-classical model and quantum mechanics of the spectroscopy of diatomic 

molecules can be found in Refs. [3, 43, 44]. Here, we present the equations used to simulate the rotational 

Raman transitions of a simple diatomic molecule assuming the reader is familiar with the quantized nature 

of matter at the molecular level and its implications. 
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The rotational state of a molecule is defined by its rotational quantum number J and its energy is 

given by  

 

𝐸𝐽 = ℎ𝑐[𝐵0𝐽(𝐽 + 1) − 𝐷0𝐽2(𝐽 + 1)2]                                                  (1) 

 

where h is Plank’s constant, c is the speed of light, B0 is the rotational constant at the ground vibrational 

state, and D0 is the corresponding centrifugal distortion constant [9]. These constants can be found in Ref. 

[3] for a variety of molecules, including common diatomic molecules. The Raman shift, from the 

frequency of the laser light, associated with each rotational transition is given by 

 

|Δ𝜔(𝐽)| = (4𝐵0 − 6𝐷0) (𝐽 +
3

2
) − 8𝐷0(𝐽 +

3

2
)3                                         (2) 

 

 The spacing between rotational transitions for diatomic molecules such as N2 and O2 are small 

compared to H2. Better spectral resolution is achieved when transitions are separately defined and do not 

overlap. Therefore, in this study, H2 was used to evaluate the performance of this experimental setup at 

low pressures.  

 

The intensity of each rotational line is given by 

 

𝐼(𝐽) ≅ 𝑔𝑛𝑆𝐽 exp[−
𝐸(𝐽)

𝑘𝑇
]                                                         (3) 

  

where gn is the nuclear degeneracy factor, k is Boltzmann’s constant, T is the absolute temperature and 

 

𝑆𝐽 = {

(𝐽+1)(𝐽+2)

2𝐽+3
           Stokes lines

(𝐽−1)𝐽

2𝐽−1
   anti-Stokes lines.

                                                        (4) 

 

Using these equations, a least-square fitting routine can be constructed to fit the spectrum of 

rotational Raman lines and extract a rotational temperature from the molecule.  

MEASUREMENTS IN GAS CELL 

 A gas cell was constructed from a stainless steel cubic cell with six 2-3/4 conflate flange ports as 

shown in Fig. 7. A thermocouple and the gas to be studied are introduced from the bottom port. Laser light 

from the multiple-pass cell is introduced into the gas cell through the ports normal to the page. The cross 

section of the elliptical pattern at the center envelope that they produce is also illustrated. From the top port, 

a nichrome wire is introduced to provide a resistive heating mechanism. The wire is connected to a Variac 

variable transformer utilized to apply a voltage across the wire. The main heating mechanism in the gas cell 

is convective heating. However, because the wire glows and because the laser light is within a few 

millimeters of the thermocouple, radiative heating has yield some discrepancy in preliminary 

measurements. Therefore, the thermocouple was domed with an aluminum foil covering. This removed 

radiative heating to the thermocouple. 
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Fig. 7- Gas cell used for validation of H2 thermometry. 

 

 The spontaneous Raman signal is highest in the directions lateral to the gas cube (to the left and 

right). The collecting optics are illustrated on the left side to capture as much of the Raman signal in that 

direction. Fig. 8 is a photographic picture of the spectroscopic system and gas cell together. The main 

components are highlighted: collecting optics, multiple pass cell, and gas cell.  

 

 
 

Fig. 8- Multiple-pass cell and collecting optics mounted on diamond plate with gas cell in the center. 
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Experimental Procedure 

 

At the start of every acquisition, the laser is turned on, set to 5 W and allowed to warm up for at 

least one hour. Then, the laser power is measured and percent transmittance through the fiber recorded. At 

5-W laser power, nearly 60-64 % of the beam power was transmitted in every acquisition. Losses through 

the fiber launch system are associated with various surface interactions, especially through the variable 

beam attenuator and at the tip of the fiber.  

 

H2 is introduced into the cell at the desired pressure and the gas cell is operated as a closed system. 

Voltage to the nichrome wire is supplied by a Variac variable transformer and the temperature of the gas is 

allowed to equilibrate for about 10 minutes. This is particularly important at low pressures. Once the 

temperature of the thermocouple has reached steady state, acquisition of the Raman signal can commence. 

 

In the acquisition process, there are three main parameters that influence the signal-to-noise of the 

spectra collected: gain on the EMCCD, exposure time, and number of scans recorded. Increasing any of 

these generally increases signal-to-noise. Increasing the gain, however, is useful up to a certain point after 

which the noise also scales. In this study, the gain was generally set to 100-150. The exposure time and 

number of scans required to resolve the spectra strongly depends on the pressure in the gas cell. 

RESULTS 

The experimental setup and gas cell were first tested at 155 Torr. Fig. 9 (a) illustrates a sample 

spectrum of the measured Raman signal and the fitted spectrum at 155 Torr. A temperature of 561 K was 

extracted at a Variac variable transformer voltage of 10 V. The thermocouple in this case measured a 

temperature nearly 20 K lower, as shown in Fig. 9 (b). This difference is minimized at lower temperatures. 

This is because as the temperature of the resistive wire increases so does the thermal gradient between the 

wire and the walls of the gas cell. The walls of the gas cell are exposed to the environment and are not 

heated by any secondary means other than convection from the gas within. The thermocouple and probe 

volume are approximately 3-5 millimeters apart and this gradient could explain the 20 K discrepancy at the 

highest temperature probed. 
 

     
(a)                                                                                                   (b) 

 

Fig. 9- (a) Sample H2 spectra measured at 155 Torr, 10 V and (b) temperature profiles in gas cell. 
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 A 100 µm slit was used in the HoloSpec spectrograph to resolve the H2 rotational Raman lines in 

Fig. 9 above. However, a slit is not necessary. The rotational Raman lines for H2 are separately resolved 

even without a slit, as shown in Fig. 10 below, and the relative intensities of each transition is not 

affected. This is useful because the characteristic shape of rotational lines with a slit < 100 µm are similar 

to the noise at low pressures. This means that rotational lines are better resolved without a slit at pressures 

where the Raman signal is very low and long exposure times are necessary. Furthermore, the slit does not 

define the dimensions of the probe volume. Therefore, studies <1 Torr were performed without a slit.  

 

 
 

Fig. 10- Comparison of H2 rotational transitions with spectrograph slit size. 

 

  

 

(a)                                                                                           (b) 

Fig. 11- (a) Sample H2 spectra measured at 1000 mTorr, 10 V and (b) theoretical fits temperature profile in gas cell. 

Camera settings: 90-s exposure time, 30 frames averaged, 100 gain. 
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illustrate the performance of the diagnostic instrument and computational model for spontaneous Raman 

spectroscopy for rotational H2 lines. Figs. 11 and 12 illustrate results at much lower pressures than Fig. 9, 

1000 mTorr and 500 mTorr respectively. 

 

 

(a)                                                                                       (b) 

Fig. 12- (a) Sample H2 spectra measured at 500 mTorr, 10 V and (b) theoretical fits temperature profile in gas cell. 

Camera settings: 60-s exposure time, 30 frames averaged, 100 gain. 

 

The spectra in Figs. 11 and 12 are well resolved. Each rotational H2 line is spectrally separate. The 

broadening of each line, as a result of the missing slit in the Holospec spectrograph, helps to resolve each 

line above the noise. The temperatures extracted from the spectral fits agree well with the thermocouple 

measurements, within error. Because of the low pressures, the collisional rate with the cold walls of the cell 

are much less than at higher pressures. This means that the temperature gradient near the probe volume and 

the tip of the thermocouple is reduced. As a result, there is no apparent bias in either temperature profile as 

the voltage in the Variac variable transformer increases. 

CONCLUSIONS 

 Various aspects of the proposal herein have been accomplished. Primarily, we have developed a 

spectroscopic instrument capable of performing highly spatially resolved (100 µm diameter, 170 µm length) 

spontaneous Raman spectroscopy measurements of rotational H2 lines at pressures relevant to satellite 

propulsion (< 1 Torr). Proof-of-principle experiments testing the performance of the spectroscopic 

instrument show that temperatures extracted from fits are close to thermocouple measurements, thus 

validating the spectroscopic instrument developed in this work. The instrument described herein is not only 

relatively compact and inexpensive, but also portable and ready for Raman thermometry of H2 of low 

pressure, non-equilibrium flows. This is particularly useful in probing the plume of a micro-jet for satellite 

propulsion. 

FUTURE WORK 

 Several tasks remain, however, to fulfill every item proposed. If calibrated correctly, Raman 

spectroscopy may be used to extract a number density of the gas in question. This aspect of the 

spectroscopic instrument has yet to be examined. Furthermore, the Rayleigh component of the proposal, to 

200 400 600 800 1000 1200 1400

-200

-100

0

100

200

300

400

500

In
te

n
s
it
y
 (

a
rb

. 
u
n
it
s
)

Raman Shift (1/cm)

 Measurement: 500 mTorr, 10 V

 Theoretical Fit: T = 502 K

 Difference

0 2 4 6 8 10
250

300

350

400

450

500

550

T
e
m

p
e
ra

tu
re

 (
K

)
Voltage through Resistive Wire (V)

500 mTorr, H2

 Thermocouple

 H2 Fitting Routine



14 

measure velocity and translational temperature, has not been explored. However, most of the necessary 

instrumentation for the filtered Rayleigh scattering work has already been put together. The primary missing 

component is the introduction of an iodine cell in the path of the signal. Various aspects of this missing part 

have been evaluated and are soon to be accomplished. 
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