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The generation and subsequent measurement of far-infrared radiation has found numerous applications in high-resolution spectroscopy, radio
astronomy, and Terahertz imaging. For about 45 years, the generation of coherent, far-infrared radiation has been accomplished using the
optically pumped molecular laser. Once far-infrared laser radiation is detected, the frequencies of these laser emissions are measured using

a three-laser heterodyne technique. With this technique, the unknown frequency from the optically pumped molecular laser is mixed with the
difference frequency between two stabilized, infrared reference frequencies. These reference frequencies are generated by independent carbon
dioxide lasers, each stabilized using the fluorescence signal from an external, low pressure reference cell. The resulting beat between the known
and unknown laser frequencies is monitored by a metal-insulator-metal point contact diode detector whose output is observed on a spectrum
analyzer. The beat frequency between these laser emissions is subsequently measured and combined with the known reference frequencies

to extrapolate the unknown far-infrared laser frequency. The resulting one-sigma fractional uncertainty for laser frequencies measured with this
technique is £ 5 parts in 10, Accurately determining the frequency of far-infrared laser emissions is critical as they are often used as a reference
for other measurements, as in the high-resolution spectroscopic investigations of free radicals using laser magnetic resonance. As part of this
investigation, difluoromethane, CH,F,, was used as the far-infrared laser medium. In all, eight far-infrared laser frequencies were measured for
the first time with frequencies ranging from 0.359 to 1.273 THz. Three of these laser emissions were discovered during this investigation and are
reported with their optimal operating pressure, polarization with respect to the CO, pump laser, and strength.

Video Link

The video component of this article can be found at http://www.jove.com/video/53399/

Introduction

The measurement of far-infrared laser frequencies was first performed by Hocker and co-workers in 1967. They measured the frequencies for
the 311 and 337 uym emissions from the direct-discharge hydrogen cyanide laser by mixing them with high order harmonics of a microwave
signal in a silicon diode'. To measure higher frequencies, a chain of lasers and harmonic mixing devices were used to generate the laser
harmonics®. Eventually two stabilized carbon dioxide (CO,) lasers were chosen to synthesize the necessary difference frequencies3’4. Today, far-
infrared laser frequencies up to 4 THz can be measured with this technique using only the first harmonic of the difference frequency generated
by two stabilized CO, reference lasers. Higher frequency laser emissions can also be measured using the second harmonic, such as the 9 THz
laser emissions from the methanol isotopologues CHD,OH and CHj; OH.%® Over the years, the accurate measurement of laser frequencies has
impacted a number of scientific experiments 8 and permitted the adoption of a new definition of the meter by the General Conference of Weights
and Measures in Paris in 1983.%"

Heterodyne techniques, such as those described, have been immensely beneficial in the measurement of far-infrared laser frequencies
generated by optically pumped molecular lasers. Since the discovery of the optically pumped molecular laser by Chang and Bridges12,
thousands of optically pumped far-infrared laser emissions have been generated with a variety of laser media. For example, difluoromethane
(CH,F,) and its isotopologues generate over 250 laser emissions when optically pumped by a CO, laser. Their wavelengths range from
approximately 95.6 to 1714.1 Pm.13’15 Nearly 75% of these laser emissions have had their frequencies measured while several have been
spectroscopically assignedw’ 8,

These lasers, and their accurately measured frequencies, have played a crucial role in the advancement of high-resolution spectroscopy. They
provide important information for infrared spectral studies of the laser gases. Often these laser frequencies are used to verify the analysis of
infrared and far-infrared spectra because they provide connections among the excited vibrational state levels that are often directly inaccessible
from absorption spectra19. They also serve as the primary radiation source for studies investigating transient, short-lived free radicals with the
laser magnetic resonance techniquezo. With this extremely sensitive technique, rotational and ro-vibrational Zeeman spectra in paramagnetic
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atoms, molecules, and molecular ions can be recorded and analyzed along with the ability to investigate the reaction rates used to create these
free radicals.

In this work, an optically pumped molecular laser, shown in Figure 1, has been used to generate far-infrared laser radiation from
difluoromethane. This system consists of a continuous wave (cw) CO, pump laser and a far-infrared laser cavity. A mirror internal to the far-
infrared laser cavity redirects the CO, laser radiation down the polished copper tube, undergoing twenty six reflections before terminating at

the end of the cavity, scattering any remaining pump radiation. Therefore the far-infrared laser medium is excited using a transverse pumping
geometry. To generate laser action, several variables are adjusted, some simultaneously, and all are subsequently optimized once laser radiation
is observed.

In this experiment, far-infrared laser radiation is monitored by a metal insulator-metal (MIM) point contact diode detector. The MIM diode detector
has been used for laser frequency measurements since 1969.2"% In laser frequency measurements, the MIM diode detector is a harmonic
mixer between two or more radlatlon sources incident on the diode. The MIM diode detector consists of a sharpened Tungsten wire contacting
an optically polished Nickel base®*. The Nickel base has a naturally occurring thin oxide layer that is the insulating layer.

Once a laser emission was detected, its wavelength, polarlzatlon strength, and optimized operating pressure were recorded while its frequency
was measured using the three-laser heterodyne technlque foIIowmg the method originally described in Ref. 4. Figure 2 shows the optically
pumped molecular laser with two additional cw CO, reference lasers having |ndependent frequency stabilization systems that utilize the Lamb
dip in the 4.3 pm fluorescence signal from an external, low pressure reference cell’®, This manuscript outlines the process used to search for far-
infrared laser emissions as well as the method for estimating their wavelength and in accurately determining their frequency. Specifics regarding
the three-laser heterodyne technique as well as the various components and operating parameters of the system can be found in Supplemental
Table A along with references 4, 25-27, 29, and 30.

1. Planning of Experiments

1. Conduct a survey of the literature to assess prior work performed using the laser medium of interest, which for this experiment is CH,F,.
Identify all known laser emissions along with all information about the lines such as their wavelength and frequency. Several surveys of
known laser emissions are available’

2. Complle aII spectroscopic investigations of the molecule used as the laser medium with a focus on prior Fourier transform** and optoacoustic
studies®®

2. Generating Far-Infrared Laser Emissions

1. Safety Overview.
1. Develop a standard operating procedure for the lab that includes proper eye protection when working with the CO, and far-infrared
laser systems.

2. Alignment and Calibration.

1. Calibrate each CO, laser using a grating-based spectrum analyzer designed for the CO, laser according to the manufacturer’s
protocol.

2. Align the end mirrors and the coupling mirror in the far-infrared laser cavity using a He-Ne laser so that their radiation is focused onto
the MIM diode detector.

3. Direct the radiation from the CO, pump laser into the far-infrared laser cavity through a sodium chloride window at an angle of
approximately 72° with respect to the cavity axis.

4. Direct the radiation from the two CO, reference lasers to either their respective low-pressure fluorescence reference cell or co-linearly
onto the MIM diode detector using beam splitters and additional mirrors.

3. Detection of far-infrared laser radiation.

1. Polish the Nickel base every several days using a standard metal polish.

2. Crimp a 25 ym tungsten wire into a copper post and bend the wire into the configuration shown in Figure 3.

3. Adjust the length of the wire so that it is between 10 to 20 wavelengths of the radiation being measured.

4. Electrochemically etch the tip of the wire in a saturated sodium hydroxide (NaOH) solution by applying a voltage (approximately 3.5 to
5 VAC) to the solution.

5. Re-etch the tip with a low voltage (less than 1 VAC). This roughens the tip of the wire and improves the diode’s performance.

6. Rinse the wire with distilled water.

7. Insert the copper post into the MIM diode’s housing once the wire is dry.

8. Place the wire in contact with the Nickel base using a fine screw and level system. Contacts yielding a resistance across the diode

between 100 and 500 Q are typically used when detecting and measuring far-infrared laser radiation.

4. Generation of far-infrared laser radiation.

Set the CO, pump laser on a specific laser emission, e.g., 9P36.

Rotate the micrometer dial on the CO, pump laser back and forth to achieve maximum intensity on the beam stop.
Adjust the tilt of the CO, pump laser’s grating to achieve maximum intensity on the beam stop.

Repeat steps 2.4.2 and 2.4.3 until the output power for the CO, pump laser appears optimized on the beam stop.
Remove the beam stop from the path of the CO, pump laser.

Turn on and align the optical chopper into the beam path of the CO, pump laser.

ook wn -~
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10.

11.

12.

13.

14.

15.

16.
17.

Open the valve on the CH,F; cylinder to introduce the far-infrared laser medium into the far-infrared laser cavity.

Adjust the metering valve on the inlet line until a pressure of approximately 10 Pa is achieved.

Note: Only the approximate pressure is necessary since it is used as a way of systematically scanning the far-infrared laser cavity.

Set the position of the output coupler such that its outermost tip is approximately 1 cm from the middle of the laser cavity as indicated
by a calibrated scale on the outside of the laser cavity.

Note: Only the approximate location is necessary since it is used as a way of systematically scanning the far-infrared laser cavity.
Adjust the position of the moveable far-infrared laser mirror in approximately 0.25 mm increments by rotating the calibrated micrometer
dial back and forth. Simultaneously tune the frequency of the CO, pump laser through its gain curve by changing the voltage applied
across the CO, pump laser’s piezoelectric transducer (PZT).

If no signal is observed on the oscilloscope display, repeat step 2.4.10 with the output coupler moved to its next position where the tip
is approximately 1.5 cm from the middle of the laser cavity as indicated by a calibrated scale on the outside of the laser cavity.

If no signal is observed on the oscilloscope display, repeat step 2.4.10 with the output coupler moved to its next position where the tip
is approximately 2 cm from the middle of the laser cavity as indicated by a calibrated scale on the outside of the laser cavity.

If no signal is observed on the oscilloscope display, repeat steps 2.4.9 through 2.4.12 with a far-infrared laser pressure of
approximately 19 Pa as adjusted with the metering valve on the inlet line.

If no signal is observed on the oscilloscope display, repeat steps 2.4.9 through 2.4.12 with a far-infrared laser pressure of
approximately 27 Pa as adjusted with the metering valve on the inlet line.

If no signal is observed on the oscilloscope display, insert the beam stop into the path of the CO, pump laser and close the valve on the
CH,F; cylinder until the far-infrared laser pressure is approximately 0 Pa.

Set the CO, pump laser to the next laser emission, e.g., 9P34, and optimize the output power using steps 2.4.2 through 2.4.4.

Repeat steps 2.4.5 through 2.4.16 until all emissions generated by the CO, pump laser are used. When searching for far-infrared laser
lines, place a focus on CO, pump laser emissions whose frequencies overlap with any absorption regions identified in step 1.2.

5. Characterizing far-infrared laser emissions.

1.

Simultaneously adjust the pressure of the far-infrared laser medium, the voltage applied to the CO, pump laser’s PZT, and the position
of the output coupler until the far-infrared laser emission’s output power is maximized (determined by a maximum peak-to-peak signal
from the MIM diode detector as observed on the oscilloscope display, similar to Figure 4).

Turn the micrometer dial clockwise until the far-infrared laser emission is observed on the oscilloscope display. Record the position of
the micrometer dial.

Turn the micrometer dial clockwise for an additional 20 modes corresponding to the same far-infrared laser emission. Record the
position of the micrometer dial.

Subtract the position of the micrometer dial in steps 2.5.2 and 2.5.3. Divide this difference by 10 to obtain the wavelength of the far-
infrared laser emission.

Repeat steps 2.5.2 through 2.5.4 a total of five times and average the wavelength of the far-infrared laser emission. Average laser
wavelengths measured by traversing at least 20 adjacent longitudinal modes have a one-sigma uncertainty of £ 0.5 ym.

Measure the polarization of the far-infrared laser radiation, relative to the CO, pump radiation, using either a gold wire-grid polarizer
(394 lines/cm) or a Brewster polarizer.

3. Determining Far-Infrared Laser Frequencies

1. Identifying the CO, reference laser emissions.

1.
2.

Calculate the frequency of the far-infrared laser emission based on its measured wavelength.
Identify sets of CO, reference laser lines whose frequency difference is within several GHz of the calculated frequency for the far-
infrared laser emission®’. A typical list used for such measurements is shown in Table 1.

2. Searching for the heterodyne beat signal.

1.
2.

o ko

10.
11.

12.

. Block the radiation from the CO, reference lasers and reinsert the optical chopper into the path of the CO, pump laser.
14.

Identify the first set of CO, reference laser lines and set each CO, reference laser on their respective laser emission.
Optimize the output power for each CO, reference laser using steps 2.4.2 through 2.4.4 and the monitor power meter.
1. Adjust an iris, either internal or external to each reference laser, so that the power from each CO, reference laser is
approximately 100 mW as measured by the monitor power meter shown in Figure 2.

Block the radiation from the CO, pump laser using a beam stop while unblocking the radiation from the CO, reference lasers.

Turn on and align the optical chopper into the co-linear beam path of the CO, reference lasers.

Optimize for maximum peak-to-peak voltage each CO, reference laser emission on the MIM diode detector using several mirrors,
beam splitters, and a 2.54 cm focal length ZnSe plano-convex lens while observing the output on the oscilloscope, similar to Figure 5.
Block the radiation from the CO, reference lasers using a beam stop while unblocking the radiation from the CO, pump laser.
Re-optimize the CO, pump laser and the far-infrared laser, as necessary, so that the far-infrared laser emission has a maximum peak-
to-peak voltage as observed on the oscilloscope.

Disconnect the MIM diode detector’s output from the oscilloscope and connect it to an amplifier whose output is observed on a
spectrum analyzer.

Unblock the radiation from the CO, reference lasers.

Remove the optical choppers modulating the CO, pump and reference lasers.

Set the spectrum analyzer on a 40 MHz span and search for the beat signal in 1.5 GHz increments by manually scanning this
frequency range using the spectrum analyzer’s adjustment knob.

If no beat signal is observed, disconnect the MIM diode’s output from the amplifier and connect it to the oscilloscope.

Repeat steps 3.2.2 through 3.2.13 as necessary until the spectrum analyzer has been used to search for the beat signal between 0 and
12 GHz.
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15. If no beat signal is observed, repeat steps 3.2.2 through 3.2.14 with another set of CO, reference laser lines until either the beat signal
is observed or all possible sets of CO, reference laser lines are exhausted.

3. Stabilizing the CO, reference frequencies.
1. Apply a voltage between 0 and 900 V to the first CO, reference laser’s PZT so that the signal from its respective fluorescence
reference cell is at the center of the Lamb dip, illustrated in Figure 6 and as viewed on an oscilloscope as in Figure 7.
2. Activate the feedback voltage applied to the first CO, reference laser’s PZT using a custom built lock-in/servo amplifier so that it
remains locked to the center of the Lamb dip.
3. Repeat steps 3.3.1 and 3.3.2 for the second CO, reference laser.
4. Visually monitor the output of the pre-amp on an oscilloscope, as in Figure 7, to ensure the reference lasers remains locked.

4. Measurement of the beat frequency.

1. Center the beat signal on the spectrum analyzer display and adjust its amplitude to maximize its size on the display.

2. Set the spectrum analyzer to view two simultaneous traces of the beat signal, as in Figure 8, by selecting the Clear Write feature for
both Trace 1 and Trace 2. One trace will display the instantaneous signal while the other will record the maximum signal (using a Max
Hold feature on the spectrum analyzer for the second trace).

Rotate the micrometer dial on the far-infrared laser cavity back and forth across the gain curve for a given cavity mode.

Use the View feature on the spectrum analyzer to freeze the second (Max Hold) trace once a symmetric pattern is obtained.

Slightly rotate the micrometer dial clockwise to decrease the length of the far-infrared laser cavity. Simultaneously observe the

subsequent small shift in the beat frequency on the spectrum analyzer due to this slight increase in the frequency of the far-infrared

laser.

6. Place markers at the full width at half maximum points of the symmetric pattern (Max Hold trace) using the Marker function with the
Delta feature on the spectrum analyzer.

7. Measure the center frequency of the beat signal using the Span Pair feature on the spectrum analyzer.

8. Repeat steps 3.4.1 through 3.4.7.

9. Disengage the lock in/servo amplifier for each CO, reference laser to unlock each laser from its center frequency and re-optimize each
CO; reference laser.

10. Re-lock the reference lasers using steps 3.3.1 through 3.3.4.

11. Repeat steps 3.4.1 through 3.4.10 for a total of 6 measurements. Once complete, unlock each CO, reference laser from its center
frequency.

12. Calculate the revised frequency of the far-infrared laser emission using these beat frequencies to obtain an accurate prediction for the
second set of CO, reference laser lines.

13. Identify a different set of CO, reference laser lines whose frequency difference is within several GHz of the calculated frequency for the
far-infrared laser emission.

14. Optimize the next set of CO, reference laser lines on the MIM diode detector and obtain the beat signal using steps 3.2.2 through
3.2.15 as necessary.

15. Lock the new set of CO, reference laser lines using steps 3.3.1 through 3.3.4.

16. Repeat steps 3.4.1 through 3.4.10 for a total of 6 measurements. Once complete, unlock each CO, reference laser from its center
frequency.

17. Insert beam stops into the paths of the CO, pump and reference lasers.

o ko

5. Calculation of the far-infrared laser frequency.
1. Calculate the unknown far-infrared laser frequency, vgr, using the measured beat frequency through the relation
FIR = [Vcozy—Veozqn £ [Vbeatl Eq. 1
where |[Vcozg—Veozm| is the magnitude of the difference frequency synthesized by the two CO; reference lasers and |y is the
magnitude of the beat frequency. The * sign in Eq. 1 is determined experimentally from step 3.4.5.
2. Obtain an average frequency and calculate the uncertainty.

Representative Results

As mentioned, the frequency reported for a far-infrared laser emission is an average of at least twelve measurements performed with at least two
different sets of CO, reference laser lines. Table 2 outlines the data recorded for the 235.5 pym laser emission when using the 9P04 CO, pump
laser. For this far-infrared laser emission, fourteen individual measurements of the beat frequency were recorded. The first set of measurements
were recorded while using the 9R10 and 9P38 CO, reference laser emissions. For step 3.4.5, as the far-infrared laser frequency was increased
slightly, the beat frequency was also observed to increase. This indicates the far-infrared laser frequency was greater than the magnitude of the
difference frequency between the 9R10 and 9P38 CO; reference lasers, |Vcozg—Vcozqnl- Therefore the sign of the beat frequency in Equation

1 was positive for this set of CO, reference lasers. Conversely, the second set of measurements used the 9R16 and 9P34 CO, reference laser
emissions. When step 3.4.5 was performed, a decrease in the beat frequency was observed while the far-infrared laser frequency was increased
slightly. This indicates the far-infrared laser frequency was less than the magnitude of the difference frequency between the 9R16 and 9P34 CO,
reference lasers. Therefore, for this set of CO, reference lasers the sign of the beat frequency in Equation 1 was negative. As illustrated in Table
2, the calculated far-infrared laser frequency, vgr, for both situations remained the same to within a + 0.12 MHz one-sigma standard deviation.

The average far-infrared laser frequencies determined with this experimental technique are listed in Table 3 and are arranged in order of

the CO, pump line. The average laser frequencies are reported with their corresponding wavelength and wavenumber, calculated using 1

cm™' = 29 979.2458 MHz. Al far-infrared laser frequencies were measured under optimal operating conditions. Throughout this investigation,
several previously reported frequencies were measured and were found to be in agreement with the published values. The one-sigma fractional
uncertainty, Av, of far-infrared laser frequencies measured with this technique is + 5 x 107, This uncertainty is derived from the reproducibility
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of known frequencies with this system, the symmetry and width of the broadened gain curve of the far-infrared laser, and the precision of the
measurements*?>*',

The far-infrared laser emissions discovered during this investigation were observed to have a strength of ‘W’ corresponding to a range in
power from 0.001 to 0.01 mW. For comparison, the 118.8 um line of methanol was observed with this system to be VVS with a power slightly
above 10 mW when using the 9P36 CO, pump having a power of 18 W. Additionally, Table 3 includes the polarization of each new far-infrared
laser emission measured relative to its respective CO, pump laser. In most cases, only one polarization was observed to dominate, either a
polarization parallel or perpendicular to the CO, pump laser. For situations where no dominant polarization was observed, both polarizations
have been listed.

In sum, eight far-infrared laser emissions were generated by difluoromethane using an optically pumped molecular laser system having a
transverse pumping geometry. This includes the discovery of three far-infrared laser emissions having wavelengths of 235.5, 335.9, and 416.8
um. Once detected, the three-laser heterodyne technique was used to measure the frequency for each observed far-infrared laser emission. The
frequencies for these laser emissions ranged from 0.359 to 1.273 THz and are reported with fractional uncertainties of + 5 parts in 10",

o o oG FIR Qutput
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Dial  Mirror Polished Copper 0 Petector
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e Foc Rotating Cylinder
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Figure 1. Schematic diagram of the optically pumped molecular laser system consisting of a carbon dioxide pump laser and a far-
infrared laser cavity. The far-infrared laser medium is excited using a transverse pumping geometry. Reprinted with minor modifications from
Ref. 15 with kind permission from Springer Science and Business Media. Please click here to view a larger version of this figure.
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Figure 2. Schematic diagram of the three-laser heterodyne frequency measurement system. The heterodyne system includes the optically
pumped molecular laser utilizing a transverse pumping geometry and two additional carbon dioxide reference lasers. Not shown are the
electronic systems used to monitor and stabilize the radiation generated by each laser. © [2015] IEEE. Reprinted, with minor modifications and

permission, from Ref. 27. Please click here to view a larger version of this figure.

Figure 3. The Tungsten wire used in the MIM point contact diode detector as viewed through a magnifying lens. The length of the wire is
approximately 2 mm. For best spring action, the angles in the bend should be near 90° and all lie in the same plane.
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Figure 4. The waveform generated by the 274.8 uym laser emission of optically pumped CH,F, using the 9P04 CO, pump laser as
viewed on the oscilloscope display. The CO, pump radiation is modulated by an optical chopper operating at approximately 45 Hz. The

resistance of the MIM diode detector is approximately 100 and the signal is approximately 6 pV (peak-to-peak). The oscilloscope display is set
on 10 pV/division.

— — -—

Figure 5. The left and middle photos show the output from each CO, reference laser, 9R16 and 9P34, respectively. The respective
modulated signal on the oscilloscope is approximately 4 mV (peak-to-peak) for about 100 mW of power, as measured by the monitor power
meter. The right photo shows the combined signal from both reference lasers to be approximately 7 mV (peak-to-peak) indicating the two
reference signals are properly mixing on the MIM diode detector. The resistance of the MIM diode detector is approximately 100 Q. The

oscilloscope display in each photo is set on 1 mV/division. The CO, radiation is modulated by an optical chopper operating at approximately 70
Hz.
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Figure 6. The saturated fluorescence signal in low pressure (6 Pa) CO, while using the 9R24 CO, laser emission. This graph is obtained
by modulating the CO, reference laser emission via an external chopper at 52 Hz while the voltage applied to the CO, reference laser’s PZT is
ramped from O to approximately 570 V in about 13 min. The lock-in amplifier is set to a 300 msec time constant and a 200 mV sensitivity. Please
click here to view a larger version of this figure.

Figure 7. The saturated fluorescence signal in low pressure (6 Pa) CO, while using the 9R24 CO, laser emission as viewed on an
oscilloscope. The left photo indicates the oscilloscope display when the PZT voltage is away from the center of the Lamb dip, approximately 80
V in this photo. The middle and right photos indicate the oscilloscope display when the PZT voltage is either immediately to the left or right of the
center of the Lamb dip, approximately 278 and 295 V respectively in these photos. Please click here to view a larger version of this figure.
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Figure 8. The beat signal between the 235.5 uym laser emission of optically pumped CH,F, using the 9P04 CO, pump laser and the 9R16
and 9P34 CO, reference lasers. A span of approximately 25 MHz is typically used. The majority of beat signals are observed within £ 5 GHz.
However, there are certain frequency regions within these search parameters that have a low signal-to-noise. Therefore, using a slightly larger
search region has sometimes been helpful.

Copyright © 2015 Journal of Visualized Experiments December 2015 | 106 | €53399 | Page 9 of 15


http://www.jove.com
http://www.jove.com
http://www.jove.com

[ ]
lee Journal of Visualized Experiments

www.jove.com

put Power [Arbitrary Units)

= Out

7.850 mm

— 51445 m —

Micrometer Position
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Figure 9. Portion of a typical laser resonator interferogram (or cavity scan) consisting of a set of discrete peaks that correspond to the
resonator's modes, separated by regions where no lasing occurs. This scan shows the 511.445 um laser emission generated by optically
pumped CH,F, using the 9R28 CO, pump. A decrease in the micrometer position corresponds to a decrease in the length (mirror-to-mirror
separation) of the far-infrared laser cavity. The MIM diode detected a 20 yV peak-to-peak maximum signal generated by this far-infrared laser
emission. The output from the detector was recorded using a lock-in amplifier, set on a 300 msec time constant and 20 pV sensitivity, interfaced

to a computer. Please click here to view a larger version of this figure.

€O, Reference Laser 1 CO, Reference Laser 2 |CO; Difference Predicted Beat Frequency
[CO, 1] [CO; (l1}] Fregquency |

CO;I Ia-sr:\r Frequency (MHz) C(Jz_ Ia.ser Frequency (MHz) [MHz) (MHz)

emission amission
10F 44 27 605 762.583 10/ 02 28 877 902,438 1272139855 Bo4
10P 34 27910720.793 10R 16 29178 455,676 1267 734.883 5269
10P 30 28027 431.871 10R 22 29 296 136.369 1268 704458 4300
10F 20 28 306 224.889 10R 38 29576 545,120 1270320.231 2684
9P 46 30610 516,143 10A 24 29333 861,159 1276 654.984 -3651
ap a4 30674 445.772 10R 28 29407 038.249 1267407523 55497
9P 38 30861 897.515 9/10 32 134 266.892 12723689.377 635
apP 34 30 983 190,753 9/ 16 32 257 303.338 1274112.585 =1109
4P 30 31 101 492.183 QR 22 32373 156.204 1271 664.021 1340
9P 24 31273 247,148 9f 32 32 550 429.164 1277 182.015 4178
9P 18 31 438 060,175 SR 4z 32 708 262,438 1270 202.264 2802
ar 16 31 491 437.387 SR A6 32 766 062.847 1274625460 -1621
9P 14 31544 028.877 9/ 50 32 BZ0B72.445 1276 B43.568 —3839

Table 1: Sets of CO, reference lasers whose difference frequency is near the calculated frequency for the 235.5 uym laser emission from optically
pumped CH,F, when excited using the 9P04 CO, laser emission.
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€Oy 1) Vo (MHz) €Oy (1) Vegzy (MHE) I ¥eoagy = Veazgyl IMHZ) | [Veeat| IMHZ) | Observation® Veg (MHzZ)
9R10 | 32134 266.892 9P38 | 30861897.515 1272 369.377 633.15 increase 1273002727
9F 10 32 134 266.892 9P 38 | 30861897515 1272 369.377 633.18 1273002557
SR 10 | 32134 266.892 9P38 | 30861897.515 1272 369.377 633.10 1273002477
9R10 | 32134 266.892 9P38 | 30861897.515 1272 369.377 633.05 increase 1273 002.427
98 10 32 134 266,892 9P 38 30 B61 897.515 1272 369.377 633.18 increase 1273 002.557
9810 | 32134 266.892 9P38 | 30861897.515 1272 369.377 633.20 1273002577
9R 10 32 134 266.892 9P38 | 30861897.515 1272 369.377 633.15 increase 1273002527
SR10 | 32134 266.892 9P 38 | 30861897.515 1272 2659.377 633.05 1273 002.427
9R 16 32 257 303.338 9P34 | 30983 190.753 1274112.585 1110.20 decrease 1273 002.385
9R16 | 32257303.338 9P34 | 30983 190.753 1274112585 1110.05 decrease 1273002535
9R 16 32 257 303.338 P34 | 30983 190.753 1274112585 1110.28 1273 002.305
98 16 32 257 303.338 9P 34 | 30983 190.753 1274 112.585 1110.00 decrease 1273002585
9R16 | 32257303.338 9P34 | 30983 190.753 1274 112.585 1110.20 1273 002.385
IR 16 32 257 303.338 ap 34 30 983 190.753 1274 112.585 1109.98 decrease 1273 D02.605
Average * Standard Deviation 1273002.5+0.1
" As outlined in step 3.4.5, this observation describes what happens to the beat frequency as the far-infrared laser frequency is slightly
increased.

Table 2: Measured beat frequencies for the 235.5 ym laser emission from optically pumped CH,F, when excited using the 9P04 CO, laser
emission. Two sets of CO, reference lasers are used to generate the known difference frequency (Ivcozgy—Vcozqnl)-

CO, Pump Wavelength 4
Frequency (MHz) Wavenumber (cm™) Reference
Laser {um)
9R 48 335,939 892 40051 0.5 29.7673 New °
9R 36 652.532 459 429.7+0.3 15.3249 [15]
9P 04 235.500 1273002507 42.4628 New”
274.831 1090825.7+0.6 36.3860 [15]
416.753 719353505 23.9950 New©
439.578 682 000.7 + 0.5 22.7491 (15]
835.476 3588283+ 04 11.9692 [15]
9P 06 774.583 387037.4+04 12.9102 [15]

“ Observed in the perpendicular polarization with an optimal operating pressure of 10 Pa.

® Observed in the parallel polarization with an optimal operating pressure of 8.7 Pa.

° Observed in both polarizations with an optimal operating pressure of 9.3 Pa.
Table 3: New far-infrared laser frequencies from optically pumped CH,F,.
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The continuous wave CO, pump laser is 1.5 m long and uses a 151 line/mm

grating that provides approximately 3% output coupling in the zeroth order.

Infrared laser radiation is achieved on the 9R 50, 9P 54, 10R 52, and 10P 58

lines of the 9 and 10 micron branches with powers varying from about 2 to
CO; pump laser 18 W. The PZT is attached to the CO, pump laser’s end mirror and is
electrically isolated from the remainder of the laser cavity. The laser is
home-made, constructed at the National Institute of Standards and
Technology (NIST)-Boulder facility under the supervision and following the
design of Dr. Ken Evenson.

The far-infrared laser cavity has a 0.45 m long internally polished copper
tube connected to two aluminum blocks by four Invar rods for thermal
stability. The copper tube has a 0.051 m inner diameter and the far-infrared
laser cavity uses two 1.2 m radius-of-curvature, gold-coated mirrors with a
mirror-to-mirror separation that varies between 0.49 to 0.52 m. The
|Far-infrared laser  |calibrated micrometer is connected to the moveable end mirror, Far-
linfrared laser radiation is coupled out of the cavity by an adjustable 45°
output coupler, approximately 1.05 cm in diameter, and through either a
Teflon or polypropylene window. The laser is home-made, assembled at
Central Washington University (CWU) with parts machined at CWU and the
IMIST-Boulder facility.

The CO, reference lasers are 1.5 m long and generate lines out to 9R 48,
CO, reference 9P 48, 10R 48, and 10P 38 with powers up to several Watts. The lasers are
\lasers home-made, constructed at the NIST-Boulder facility under the supervision
and following the design of Dr. Ken Evenson.

CO, laser radiation is achieved using a Helium:Nitrogen:Carbon Dioxide
[He:N;:CO,) gas mixture of 78%:12%:10% that is excited by a high voltage
|DC power supply. A Glassman KL series power supply provides
approximately =7.5 kV across each cathode and ground delivering
approximately 20 mA of current through each cathode. The remainder of
|the voltage, approximately =5.5 kV, is dropped across a set of ballast
resistors (Ohmite 100 kW, 225 W resistors, model number L225J100K).
Connection from the ballast resistors to the CO, laser cathodes were made
using a Cll Technologies HV relay, SPDT, model H-17.

CO, laser gas
mixture and
electrical power
supply

The 4.3 pm fluorescence is monitored by an Indium Antimonide (InSk)
liguid nitrogen cooled detector (Judsen Infrared Inc, model J10D). The
signal is amplified (Princeton Applied Research, model PAR 113 pre-amp)
after passing through impedence matched transformers. The amplified
signal is sent to a NIST custom built lock-in servo. This lock-in provides a
voltage to control the PZT, via a NIST custom built high voltage (HV)
amplifier, of the respective reference CO, laser in order to keep the laser
locked to the Lamb dip in the fluorescence signal from the external, low
pressure reference cell. The reference frequency is typically 731 Hz with an
approximate 3 V peak-to-peak modulation voltage. The output of the pre-
amp is monitored using an oscilloscope (Tektronix, model 2235A) to
provide a visual indication about whether the reference laser is locked to
the center of the Lamb dip. The custom built NIST Asymmetric HY Amp is
powered by a Fluke, model 4128, high voltage power supply.

Reference
frequency
stabilization system

The Pyrex-glass CO; laser tube has an inner ribbed tube surrounded by a
water-cooled jacket. The inner and outer diameters of the glass tube are
approximately 15 and 30 mm, respectively. By introducing glass ribs into
CO, laser tube and [the laser cavity many wall-bounce modes are eliminated, thereby forcing an
reference cell open-structure mode and increasing the effective resolution of the
grating"h. The CO, laser tubes and the low pressure reference cells were
made at Allen Scientific Glass (Boulder, CO) following the design of Dr. Ken
Evenson.

Supplemental Table A: Technical details of the experimental system including some relevant commercial components.
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There are several critical steps within the protocol that require some additional discussion. When measuring the far-infrared laser wavelength,
as outlined in step 2.5.3, it is important to ensure the same mode of the far-infrared laser emission is being used. Multiple modes of a far-infrared
laser wavelength (i.e., TEMgg, TEMy4, etc.) can be generated within the laser cavity and thus it is important to identify the appropriate adjacent
cavity modes being used to measure the wavelength13'2g’41. To assist in eliminating higher order modes, irises are included within each laser
cavity. When accurately measuring a far-infrared laser frequency, it is imperative the lasers, particularly the CO, reference lasers, operate in
their fundamental (TEMgo) mode. Irises are also used to ensure the pattern traced out by the far-infrared laser on the spectrum analyzer is
symmetric. For situations where multiple far-infrared laser wavelengths are generated by a particular CO, pump line, as in the case of 9P04, a
set of absorbing filters, calibrated with wavelength, are used to assist in distinguishing far-infrared laser wavelengths. They can also be used to
attenuate any scattered CO, laser radiation exiting the far-infrared laser cavity.

Section 2.4 describes the generation of far-infrared laser radiation. Over numerous investigations, we have found that multiple distinct
wavelengths could be generated by the same CO, pump laser set at slightly different offset frequencies. For example, the 9204 CO, pump laser
is capable of generating the 289.5 and 724.9 ym wavelengths of CH,F, at one pump frequency while the remaining wavelengths measured
during this investigation were generated using a slightly different frequency from the 9P04 CO, pump laser. This is accomplished by changing the
voltage applied to the PZT that tunes the frequency of the CO, pump laser through its broadened gain curve (approximately + 45 MHz from its
center frequency in this experiment). Although not specifically addressed in section 2.4, we believe this is a noteworthy feature in searching for
far-infrared laser radiation.

For situations where multiple far-infrared laser emissions are generated by the same CO, pump laser line at the same offset frequency, a laser
resonator interferogram (or cavity scan) can be performed to assist in identifying the different far-infrared laser emissions being generated.
Figure 9 illuatratses a portion of a typical laser resonator interferogram, with the output power plotted as a function of decreasing far-infrared laser
cavity length .

As outlined in section 3.4, two distinct sets of CO, reference lasers are used to measure the far-infrared laser frequency. This helps eliminate the
uncertainty about whether the beat frequency is above or below the difference frequency generated between the CO, reference lasers. Along
with providing a way to independently verify the far-infrared laser frequency, it has been particularly useful when working with weak beat signals
where observing the slight shift in the beat frequency as the far-infrared laser frequency increases can be challenging.

The MIM diode detector is an essential component to this experimental system due to its high speed, sensitivity, and broad spectral
coverage23'24. However, there are some limitations to the MIM diode detector that include mechanical instability, susceptibility to electromagnetic
disturbances, poor reproducibility, and a limit to the maximum power it is capable of detecting while maintaining its sensitivity. While measuring
far-infrared laser frequencies, the sensitivity of the MIM diode detector was found to decrease rapidly over time if the power from each CO,
reference laser exceeded 150 mW.

Beyond the MIM diode detector, the main limitation to the present technique is the stability of the far-infrared laser*>'“¢. A limitation in the

experimental system’s current configuration is the inability to measure the offset frequency of the CO, pump laser. As mentioned, the offset
frequency is defined as the difference between the frequency used by the CO, pump laser to generate the far-infrared laser emission and

the CO, pump laser’s center frequency. Thus it represents the difference between the absorption frequency of the far-infrared laser medium
and the center frequency of the CO, pump laser. Typically, the offset frequency is readily measured using any CO, laser radiation that is
inadvertently scattered out of the far-infrared laser cavity. In our current configuration however, very little CO, laser radiation is available for
such a measurement. Other methods of measuring the offset frequency could be incorporated into future iterations of the project. This includes
using additional beam splitters and mirrors to couple a portion of the pump radiation to the MIM diode detector. The measurement of an offset
frequency is beneficial when assigning spectroscopic transitions to the far-infrared laser emission®>%*,

Far-infrared laser frequencies have also been measured by heterodyning two optically pumped far-infrared lasers and a microwave source on

a MIM diode detector whereby the frequency of one of the two far-infrared lasers is known and is used as the reference frequency”. The use of
far-infrared frequencies with greater accuracy is possible using other techniques, such as with THz frequency-comb synthesis similar to those
discussed in Refs. 48-54. Measuring laser frequencies expands the role of opticallzy pumped molecular lasers in THz applications from THz

. . 55 . o . . 13,20 . .. . .

imaging™, its role as a source of THz radiation for high-resolution spectroscopy ~“", and in assisting with the analysis of the complex spectra
associated with its lasing medium'®*+¥

Certain commercial equipment is identified in this paper to foster understanding. Such identification does not imply recommendation or
endorsement by the authors, nor does it imply that the equipment identified is necessarily the best available for the purpose.
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