One-Dimensional Cryogenic Temperature
Measurement Using Rayleigh Scattering
Thermometry with 266 nm Nd:YAG Laser

M. Seol, S. Jeongl, J. Park® and H. Shin®

'Cryogenic Engineering Laboratory, Department of Mechanical Engineering,
KAIST, Daejeon, Republic of Korea

’HAE R&D Laboratory, LG Electronics, Seoul, Republic of Korea

3Combustion Engineering Laboratory, KAIST, Dagjeon, Republic of Korea

ABSTRACT

Rayleigh scattering thermometry is an attractive technique to diagnose two-dimensional
temperature distribution at cryogenic temperature due to no requirement for additional tracers or
fluorescent particles in the visualization medium. Preliminary to the visualization of the
temperature distribution in a pulse tube refrigerator, the validation experiment of laser Rayleigh
scattering thermometry in 1-dimensional cryogenic temperature measurement is conducted and
the results are discussed in this paper. In the experiment, the test cell of Raleigh scattering
thermometry is vacuum-insulated and is attached to a commercial Stirling cryocooler and electric
heater to make the thermal equilibrium state from 230 to 295 K. We present the observation of
the occurrence of the several stress-induced polarization phenomena in laser windows at the
cryostat and the test cell and discuss its importance for Rayleigh scattering thermometry for low
temperature.

INTRODUCTION

A pulse tube refrigerator (PTR) accommodates the working fluid under the condition of
pulsating pressure and periodic oscillating flow to create the cooling effect. It is difficult to
define the thermodynamic state and measure the specific working fluid properties in a pulse tube
refrigerator unlike other steady stream refrigerators, such as J-T or reverse Brayton refrigerators.
Also, many researches in regard to PTR depend on computational fluid dynamic (CFD)
modeling and theoretical analysis because of its complex non-thermal equilibrium and the
turbulent fluid characteristic within pulse tube components. The reasonable validation of high
order CFD modeling of a PTR has not been achieved due to the lack of the detailed and precise
measurements within pulse tube components'. Additionally, for the development of large pulse
tube refrigerator (LPTR) potentially useful for applied superconductor machines and industrial
fields, it is getting important to identify and quantify the specific pulse tube losses.

For this reason, although the detailed measurement of temperature, pressure, and mass flow
rate in a pulse tube component is needed, the complex fluid flow within a pulse tube component
makes the measurement extremely difficult. Most of the experimental researches have, so far,
measured the fluid properties locally to insert probe sensors at the inside or boundary of a pulse
tube part’>. These researches are limited to understand the complex thermal mechanism and the
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losses comprehensively due to the limited measurements from a few sensors and locations. Also,
these contact measurement methods can disturb the flow and temperature profiles of the fluid.
Therefore, in the late 1990’s, the visualization studies were initiated to overcome this
measurement constraint in a pulse tube component. To investigate the flow pattern, velocity
profile, and the secondary flow phenomena experimental researches using a smoke-wire
visualization technique were conducted®'”. Experiments using laser Rayleigh scattering
thermometry to visualize the temperature profile in a pulse tube component were also carrled out
to calculate the enthalpy flow in order to understand the complex heat exchange phenomena'"
This laser-based approach is a pioneering application because it is the first attempt at the
visualization technique of laser induced electromagnetic spectrum on the pulse tube
visualization. The experimental set-up, however, was exposed to the room temperature and it
was noted that it would be necessary to carry out a vacuum insulated experiment to investigate
the pulse tube refrigerator accurately''. Also, the calibration of the thermometry is conducted
only at270 K, though the Rayleigh scattering thermometry is applied from 350 K to 200 K in the
main experiment'’. The thorough calibration of Rayleigh scattering thermometry is necessary to
achieve accurate measurements in a realistic PTR condition. For Rayleigh scattering
thermometry at low temperatures, there are potential problems with respect to stress or pressure
induced polarization effect in laser windows'*"*. For low temperature, the stress-induced
polarization effect is unavoidable because the glass windows for visualization should be sealed
with gaskets under mechanical stress. It is a serious problem because this polarization effect can
change the composition ratio of linear polarization components and can create a retardance effect
which makes elliptically polarized light from the linearly polarized light. Especially, the thermal
stress-induced polarization effect occurring with temperature variation makes the calibration of
thermometry fail. This polarization effect, however, is not considered at all in previous Rayleigh
scattering thermometry researches.

In this paper, we present the experimental results and discussion of 1-D Rayleigh scattering
thermometry in the modified experimental set-up at low temperature between 230 K to 295 K. It
is observed how the thermal and mechanical stress-induced polarization phenomena occur in the
sealed laser windows at the cryostat and the calibration test cell with vertically and horizontally
polarized laser beam.

RAYLEIGH SCATTERING THERMOMETRY

Rayleigh scattering was originally used to measure the molecular density of gases, because
the signal is linearly proportional to the number of scatterers, which means the gas molecules.
Rayleigh scattering intensity, I, is expressed as follows'®.

I = CINQl(d—O-j @))]
dQ )
where C is a calibration constant of the collection optics, / is the incident laser intensity, N is the
molecular number density, Q is the solid angle of the collection optics, o is the Rayleigh
scattering cross section area, / is the length of the laser beam segment imaged onto the detector.
The molecular number density can be converted to the temperature using the ideal gas law.

I = CIQZ [da) ﬁ(d—gj 2)
dQ T \dQ )
where R, is the universal gas constant, 4, is Avogadro’s number, P is the gas pressure, and T is
the gas temperature. Since all the optical values are assumed as constant, these optical constants
and other ones, R, and 4,, are converted to one representative constant, K. When the gas is pure,
the differential Rayleigh scattering cross section area term can be assumed as constant as shown
in Eq. (2). The constants are evaluated by temperature, pressure, and scattering intensity that are

measured at the reference condition. Therefore, the temperature of the gas is described as
follows''



TEMP MEASUREMENT USING RAYLEIGH SCATTERING 241

1P
T=72-T, (€)

s* ref

Rayleigh scattering thermometry is a suitable method for low temperature measurement
because this method does not need an additional tracer and the Rayleigh scattering intensity
signal increases when the temperature decreases.

EXPERIMENTAL APPARATUS

As shown in Fig. 1(a), a 10 Hz pulsed Nd: YAG laser source (Continuum, Powerlite
Precision II 8000) provides a horizontally polarized 266 nm laser beam. An ultraviolet 266 nm
laser is appropriate for Rayleigh scattering thermometry, because the Rayleigh scattering cross
section area is inversely proportlonal to the fourth power of the wavelength and the needless
reflection light from the wall is reduced'®"”. When a half wave plate (HWP) is used, the
polarization direction of laser is controlled. As shown in Fig. 1(b), the test cell is made of copper
and is rectangular in shape. A black mat finish is applied inside the test cell to reduce the
reflected background signal. The extended adaptor parts are installed at both sides of the laser
inlet and outlet to further reduce the back reflection from the laser windows. The laser inlet,
outlet, and the observation window of the test cell are 266 nm anti-reflection coated fused silica
windows (Thorlab, high-precision laser w1ndow) with 1 inch diameter and 5 mm thickness.
These windows are sealed with indium wire gasket for cryogenic seahng Five (5) E-type
thermocouples are installed as a vertically cross-shaped form in the center of the test cell and two
(2) silicon diode sensors are installed on the outside surface of the test cell to check the
temperature difference between the test cell wall and the gas inside. Pressure in the test cell is
measured from the pressure transducer (Honeywell, 1000 kPa, 0.1% acc.). The test cell is cooled
by a commercial Stirling cryocooler (Cryotel CT, 4W cooling power @60 K). The degree of
vacuum insulation is maintained under 1 mTorr during the experiment. The vacuum chamber
also has the laser inlet, outlet, and the observation windows, and these windows are sealed with a
rubber o-ring gasket and teflon. The laser inlet and the observation window are 79.5 mm
diameter and 5 mm thickness quartz. The outlet laser window of the cryostat is 1 inch UV fused
silica window and is installed on the adaptor with an inclined angle to prevent reflected laser
beam from re-entering into the test cell. Additionally, to improve vacuum insulation and solve
frost problem effectively, the copper panel coated with coconut charcoal which is a kind of
moisture absorption material is installed around the test cell. Intensity of the Rayleigh scattering
signal is measured by an ICCD camera (Princeton Instruments, PI-MAX2). We also measure
laser beam power by photodiode (Thorlab DET25K, GaP detector) and boxcar averager
(Stanford Research System, SR250 average) to compensate laser power fluctuation and drift.
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EXPERIMENTAL RESULTS AND DISCUSSION

Rayleigh scattering signal is dependent on the angle between a scattering measurement
device and the direction of polarization of laser'®. Since a scattering measurement device, such as
an ICCD camera, is typically placed on the ground, a horizontally polarized laser provides a
minimum scattering signal and a vertically polarized laser provides a maximum one. Therefore,
by this characteristic, an indirect way to check the polarization direction is utilized in the
experiment to take advantage of the measured scattering intenstiy from the ICCD camera instead
of a polarization analyzer or a linear polarizer. When a linearly polarized laser beam passes
through a half wave plate, the polarized direction of a laser beam is rotated symmetrically with
the angle between the fast axis of a half wave plate and a polarized line of the laser beam as
shown in Fig. 2(a). To confirm the validity of the method for checking the direction of the
polarization of laser beam by measuring the scattering intensity, the preliminary test is conducted
by changing the direction of polarization with rotation of a half wave plate and measuring the
scattering intensity as shown in Fig. 2(b). The minimum scattering intensity and the laser power
are obtained when the angle between the fast axis and the line of polarization is 0 and 90 degrees,
because the direction of the laser beam polarization in this experiment is originally horizontal
and is also horizontal after passing through a half wave plate. The maximum scattering intensity
and the laser power are obtained when the vertically polarized laser beam is created from the
horizontally polarized laser when the fast axis is placed on 45 degrees from a horizontal line.
This result means that we can obtain the variation of polarized direction of the laser beam by
measuring the scattering intensity from the ICCD camera.

The experiment is conducted to obtain the effect of mechanical stress to the laser window on
the polarization features. Laser window is installed at the special adaptor which gives mechanical
stress, the stress for vacuum sealing approximately, to a window and this device is placed
between the iris and the laser inlet side of the vacuum chamber in Fig. 1(a). The polarization
effect of the stressed laser window is obtained by rotating this adaptor with the laser window and
simultaneously checking the scattering intensity. In Fig. 3(a), the scattering intensity is measured
with the application of the horizontally polarized laser without a half wave plate. The scattering
intensity of no stressed windows shows constant value, regardless of the rotation direction and
angle of the laser window. This result means that there is no polarization effect of the stress-free
laser window. It is the normal characteristic of the most frequently used optic devices, such as a
normal fused silica window 20. Conversely, the stressed window tightened by screw bolts shows
that the rotation of the laser window affects on the scattering intensity. This result indicates that
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the polarization effect occurs when the mechanical stress is applied on the laser window in
contrast with the case of no-stressed window. The scattering intensity increases and the
maximum intensity is 4 times its original value. Above mentioned, when the horizontally
polarized laser is applied, the scattering intensity presents minimum value. Therefore, the
intensity has to be increased by the polarization effect. As shown in Fig. 3(a), from the curves of
the stressed window being rotated clockwise and counter-clockwise, it is obtained that the exact
same curve is repeated and it means that the polarization effect evidently exists once the stress is
applied and maintained. However, it gives different tendency when the laser is applied on the
reversed window device. When the vertically polarized laser with a half wave plate is applied as
shown in Fig. 3(b), the polarization effect by mechanical stress also does not occur in the case of
no-stressed window and occurs in the case of strong-stressed window with the variation of
rotation angle. This result means that the stress-induced polarization effect also occurs with
vertically polarized laser by the mechanical stress. In contrast to Fig. 3(a), the scattering intensity
of the stressed laser window is less than that of no stressed window because the maximum
scattering intensity is supplied with the vertically polarized laser. When the vertically polarized
laser is applied, the scattering intensity is already maximum. Therefore, the intensity cannot
increase anymore that the original value. The ratio of scattering intensity change by the
polarization effect with the vertically polarized laser is much smaller than the polarization effect
with the horizontally polarized laser as shown in Fig. 3. Therefore, the vertical polarization of
laser beam should be provided in Rayleigh scattering thermometry to achieve not only low
sensitivity in regard to the polarization effect but also high scattering intensity signal. This
olarization effect is caused by the stress-induced anisotropic phenomena in the glass material'*
® When the optically isotropic window, such as normal laser window, is changed to anisotropic
material by stress, the window has birefringence and polarization characteristics, such as a
polarizer or a wave plate. Therefore, the stress effect on polarization should be considered in the
measurement of scattering intensity where cryogenic experiment is done with mechanically
sealed window. Additionaly, the other important point of this result is that this polarization effect
occurs randomly and unregularly by the stress according to circumstance and fabricator. It means
that it is very difficult to quantify this polarization effect. Therefore, in-situ examination of
polarization effect is needed when Rayleigh scattering method is used for the closed or seal
system.
For the calibration of Rayleigh scattering thermometry, the variation of Rayleigh scattering
intensity as temperature is measured as shown in Fig. 4. Carbon dioxide is charged at 800 kPa
instead of nitrogen to achieve high scattering signal due to its high Rayleigh scattering cross
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section area. The predicted line displayed in Fig. 4 is the normalized variation of molecular
number density from ideal gas equation at constant pressure. Since the reference condition is
selected as the highest temperature near room temperature, the predicted and measured curve
starts concurrently at the reference point. As shown in Fig. 4(a), the scattering intensity with
horizontally polarized laser has significantly larger value than the predicted line at low
temperature. Conversely, in Fig. 4(b), the tendency of scattering intensity curve with vertically
polarized laser is different from the curve of Fig. 4(a). The better agreement is achieved, but the
measurement curve also becomes inaccurate as temperature decreases and presents less value
thatn the predicted line at 230 K. Before this experiment, the validation of experimental set-up
for measuring the molecular number density of gas is confirmed by checking linearity with
varying pressure at constant temperature condition. However, the measured scattering intensity
in Fig. 4 which means the molecular number density is seriously disagreed with the predicted
curve. All variables in Eq. (1) are controlled in this experiment. The only variable which is not
included in Eq. (1) is the polarization effect. Besides, there is significantly different disagreement
tendency depending on the polarized type of applied laser, whether it is horizontal or vertical
polarization as shown in Fig. 4.

Figure 5 shows the measured laser power from the photodiode with various temperature
conditions. After the laser beam is passed thorugh the test cell and the vacuum chamber, a part of
laser beam is reflected at the beamsplitter and and enters to the photodiode as shown in Fig. 1(a).
The beamsplitter has the different reflectance in regard to horizontal and vertical polarization
laser beam, respectively. Therefore, as shown in Fig. 5, the significant variation of photodiode
signal in the conditions of temperature variation means that the polarization component of laser
beam is changed in constrast to minor change of photodiode signal at constant temperature
conditions.

Accordingly, by all these reasons, the significant disagreement in Fig. 4 is caused by the
polarization effect with temperature change. As it is mentioned in the introduction section,
thermal stress which is induced by different thermal expansion coefficients of the assmbled
materials results in the polarization effect. Therefore, this polarization effect can be called
thermal stress-induced polarization effect. Fig. 4(a) can be explained that the scattering intensity
increases because the vertically polarized component in the laser beam is created form the
horizontally polarized laser beam as temperature decreases. Also, Fig. 4(b) is explained by the
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opposite situation. The analysis of thermal stress-induced polarization effect is very complex
because it is dependent on the condition of thermal transient situation, the degree of thermal
insulation, and environmental temperature. Therefore, for the experiment including a window-
sealed part, such as cryogenic visualization experiment, the experimental set-up should be
designed with thermal stress-free window or glass.

In this paper, we suggest some solutions to reduce the thermal and mechanical stress-induced
polarization on the laser window in a cryogenic experiment. These solutions are not verified, but
it is clear that these methods have more positive effects qualitively than the existing methods to
reduce the stress-induced effect. First of all, there was previous research in the stress-free
window for laser application with the plurality of circular and curved grooves on the window
surface to prevent stresses from reaching the central region of the window used for light beam
transmission'*. Although the fabrication of the grooved glass window is difficult, it would be the
most effective way to reduce stress effect, if possible. Second, in a similar way, the larger
diameter window is applied, the less stress in the center of a window, because the stress at the
boundary of window also cannot reach the center of a window as the window size becomes large.
Not only for 1-D calibration but also for 2-D visualization, a double ended glass (quartz) to metal
(stainless steel 304) tubular adaptor is recommended because it is not needed to apply additional
mechanical stress to seal a quartz glass. Besides, when designing quartz-to-metal seals, the
intermediate material is commonly added between quartz and metal to reduce thermal stress
effect due to the difference of the thermal expansion coefficient.

CONCLUSION

We conduct the experiment to calibrate 1-D Rayleigh scattering thermometry for low
temperature measurement applying 266 nm laser. It is obtained that the thermal stress-induced
polarization effect at a laser window which is not considered in the past researches should be
corrected in the experiment at low temperature including window-sealed components. For
accurate Rayleigh scattering thermometry, it is recommended that the thermally and
mechanically stress-free components are to be utilized and in-situ calibration process is to be
performed.
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