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ABSTRACT
An optically pumped molecular laser system has been used to generate short wavelength laser emis-
sions in the far-infrared (FIR) region. In this experiment, a 1.5 m long carbon dioxidelé8€r was
used to optically pump a 2 m long FIR cavity containing the methanol isotog@HCDT he FIR laser
utilizes an X-V pumping geometry, recently shown to efficiently pump short wavelength emissions
below 100um. Using the three-laser heterodyne technique, the frequencies of four distinct laser
emissions, ranging between g and 105um, have been measured and are reported with a fractional
uncertainty oft 2 x 107, permitting spectroscopic assignment of the laser transition.

INTRODUCTION because of the immense number of laser emissions it was

A significant part of our understanding of the physical capable of producing. Currently, there are over 5000
world is through the application of measurement tech- known OPML emissions in the FIR region.
nigues. With the invention of the LASER (Light Amplifi-
cation by Stimulated Emission of Radiation) in the 1960'$;ollowing the initial observation of FIR laser emissions
and developments in detector technology, the far-infraredrom methanol (CHOH) 1, methanol and its isotopes have
region (FIR), ranging from approximately fuifh to 1000 produced more than 2000 FIR laser lines in the wavelength
um, has emerged as a viable area of study. Investigatiomange 21.7um — 3030.Qum, with CD;OH contributing
of the FIR region with this coherent source of radiation over 400 emissions alon&4 The richness of FIR emis-
were first performed with the electrical discharge laser. sions is principally due to the excellent overlap between
This type of laser is capable of producing approximately the CDs-deformation region (1068.2 cHhand the C-O
340 emissions, including several very important lines frowibrational band (984.4 c#) with the 9um and 1Qum
HCN, DCN, and HO vapor. In 1970, a pulsed emission CO, laser bands, respectively® This overlap, combined
from methyl fluoride (CHF) pumped by a CQaser with the torsional motion exhibited by GOH, makes this
constituted the first optically pumped FIR laser. The molecule a prolific source of FIR laser emissions.
optically pumped molecular laser (OPML) utilizes the
superposition of infrared laser emissions with the absorpt this paper, we discuss the experimental setup of the
tion spectrum of the optical cavity’s lasing medium. ThisOPML and three-laser heterodyne systems and report the
technique quickly overshadowed the direct discharge lasgieasured frequencies of the optically pumped FIR laser

emissions from CBDH. The coherence of the continu-
o . . ] ~ ous-wave laser’s radiation is most accurately measured
Heidi and Mike graduated with B.S. degrees in phypicgsing direct frequency measurements, which do not suffer

from the University of Wisconsin-La Crosse. This | from the limitations of wavelength measurements.
research was performed during the summer of thei

junior year, when the worked with scientists at the THE EXPERIMENT
National Institute of Standards and Technology in CO, Laser System

Boulder, CO, sponsored in part by NSF and WSGQ/  There are three necessary components to any laser system:
NASA. Heidiis currently pursuing her Ph.D. in optics an optical cavity, a pumping mechanism, and a lasing
at the School of Optics/CREOL, University of Centilal medium. The C@pump laser, shown in Fig. 1, is 1.5 m

Florida. Mike is currently pursuing his Ph.D. in long and includes a partially ribbed cavity surrounded by a
optics at the Optical sciences Center, University of |  water-cooled jacket. The pumping mechanism is in the
Arizona. form of a 13,000 V power supply capable of providing 50

mA to each cathode.  The laser medium is a flowing gas
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menng  three 19-mm diameter copper mirrors along with one of

. 2" the FIR cavity mirrors. Each of the four copper mirrors
g extend about 20 mm into the FIR cavity and transmit
approximately 99% of the 1188m line of CHOH

through the FIR window. (The 1188n line of CHOH is

the strongest known optically pumped FIR laser emission.)
The advantage to this is that many of the longer wave-
length lines are suppressed, thereby allowing some of the
shorter wavelengths to emerge.
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In the pumping geometry, shown in Fig. 2, & ddrror

first reflects the beam across the vertical plane of the
cavity (path 1). At the other end, two identica$ #&irrors
mixture of CQ, nitrogen, and helium in the ratio 1:1.2:7.83re used to redirect the GBeam to the bottom of the

with CO, producing the laser emissions while helium andinput chamber (paths 2 and 3 which complete the X-
nitrogen act as buffer gases. The Pyrex glass tube has g@drtion of the pumping scheme). A gold-plated copper
inner diameter of 18 mm and contains five equally spaceghirror with a 1 m radius of curvature then reflects the, CO
glass ribs whose inner diameters increase from 16.5t0 beam to the main FIR cavity mirror (path 4). This

17.5 mm. By introducing glass ribs into the laser cavity, curvature was chosen so that the beam diameter would be

Figure 1
Top view of the C@laser.

many wall bounce modes are eliminated, thereby forcingslightly larger than a 40m Gaussian beam waist.

an open structure mode and increasing the effective

This
optimizes the overlap between the {d@ser beam and the

resolution of the grating. The laser uses the zeroth-ordershort wavelength FIR emissions. Finally thes®®am is

output coupling from a 133 line/mm grating with 3%
output coupling in zero order. A high-reflectivity gold-
coated 20-m radius-of-curvature mirror, attached to a

reflected from the FIR mirror, to the input®irror, and
out of the FIR system (path 5 which completes the V-
portion of the pumping scheme). One advantage to this

piezo-electric transducer (PZT), is used on the other endype of pumping design over simpler configurations, such

The PZT permits the fine adjustment of the end mirror,
allowing the CQ laser radiation to be kept tuned to its

as the V-pumping geometry, is that the additional passes
allow more of the gain medium to be pumped.

center frequency.

The FIR cavity is about 2 m long and utilizes a nearly
The CQ laser is capable of producing approximately 275confocal mirror system, consisting of two 1.9 m radius-of-
lines, including emissions from the ‘regular’, ‘hot’, and  curvature concave gold-coated copper mirrors with a 50
sequence bands. These bands indicate the vibrational mm diameter. Four Invar rods connect the end plates
levels responsible for laser action. The vibrational holding the FIR mirrors and the 2 m long, 59 mm inner
transitions in question are centered atjrband 10.4m  diameter, Pyrex glass tube. One copper mirror is attached
for the regular band, 9y8m and 10.§m for the hot band, to a micrometer and is moved to tune the FIR cavity. The
9.43um and 10.4um for the sequence barfdWithin output coupling is varied by moving the 45° copper mirror
each of these vibrational transitions are two allowed radially in and out of the cavity mode. The generated FIR
possibilities for the change in the rotational quantum radiation is then sent through a polypropylene window,
numberJ, namelyAJ = Jypper- Jower = -1 (P-branch) or  0.634pum thick, and focused by an off-axis parabolic

AJ = +1 (R-branch). Conventionally, a transition is mirror onto a metal-insulator-metal (MIM) point contact

designated by (for example) 10P(34), indicating therh0 diode.

regular band P-branch transition from tlygper= 33 to the

Jiower = 34 level. [10HP(34) would indicate a hot-band

emission while 10SP(34) would indicate a sequence-bar

emission.] Both the @m and 1Qum branches exhibit Foired v :

laser emission out of 9R(58), 9P(60), 10R(58) and 10P(€ - I 1 d

with powers up to 30 W for the regular laser lines and 10 il | S |! |

W for the hot-band and sequence-band emis$ions. ¥ I — '
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OPML System

The experimental setup for the OPML system is partially
shown in Fig. 2. The C{aser radiation is focused into
the FIR cavity with a 12 m radius-of-curvature gold coate
concave mirror, externally mounted on the far (fixed
mirror) end of the cavity at approximately 2 m fromthe 2 ..~

mm diameter ZnSe window. A flat gold coated mirror the e Raim

reflects the C@beam into the FIR cavity and to the X-V Figure 2

mirror system. This mirror system, shown in Fig. 2, usesSide view of the optically pumped molecular laser system.
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Wavelength measurements

Initial wavelength measurements of the FIR radiation were
made by tuning the Fabry-Perot cavity with the movable
end mirror and measuring the mirror displacement for 20
wavelengths of that laser mode. The value obtained is
accurate to withit 0.5um. A set of absorbing filters,
calibrated by wavelength, discriminates againsp @®er
radiation reaching the detector as well as helping distin-
guish different FIR wavelengths. The relative polariza-
tions of the FIR emissions with respect to the,GBer

lines were measured with a multi-Brewster-angle polariza-

tion selector. Figure 4
Spectrum analyzer display of the time-averaged beat note
Frequency Measurements between the difference frequency (generated by the 9R(18)

FIR laser frequencies were measured using the three-lagerd 10R(30) C®laser lines), the microwave source and
heterodyne technique discussed elsewliéfeIn general, the unknown FIR frequency. The center frequency is
different but known frequencies are mixed togetherto 2 850 703.9 MHz.
produce a sum or difference frequency. This frequency is
then combined with a signal of unknown frequency. A V=N Veop £ My Vyyy £ Ve 1)
“beat”, analogous to the beat heard between two musicalvherevcoy is the difference frequency synthesized by two
tones, between the unknown and the sum or difference CO, lasersy the microwave frequency, amgeatthe
frequency can then be observed on a spectrum analyzerbdat frequency. The integerg,andn,, define the mixing
the separation between these frequencies is greater tharrder of the difference and microwave frequencies,
the range of the spectrum analyzer, a microwave sourcerespectively (first-order, second-order, etc.).
may be added to decrease the gap.
A MIM point contact diode was used as a harmonic mixer,
The experimental setup is shown in Fig. 3. Twg@Ber combining the signals from the laser and microwave
frequencies were combined to create a difference fre- sources. The signal from the MIM diode was fed into a
quency in the FIR region. The particular lines chosen to preamplifier connected to a spectrum analyZ¢o
generate the difference frequency were based onthe  measure the intermediate frequency beat note by compari-
wavelength measurement of the unknown FIR emission.son with a marker generated by a synthesizewWhen
These CQfrequencies were stabilized by locking each necessary, a microwave soufg®perating between 0 and
laser to a saturation dip in the 4 fluorescence signal 18 GHz was used. The values@findny, as well as the
from an external reference cell. * sign in Equation 1 are determined experimentally by
either tuning the FIR laser cavity or by increasing (or
The beat note, monitored by means of a spectrum analyziegreasing) the microwave frequency slightly to get a
shown in Fig. 4, is used to determine the unknown small shift in the beat note on the spectrum analyzer.
frequencyy through the relation:
The one-sigma uncertainty of frequency measurements is
Avlv = 2 x 107. It is due mainly to the uncertainty in the
setting of the FIR laser cavity to the center of its gain
curve. For minimizing this uncertainty, we tuned the FIR
laser across its gain curve and observed the change to the
beat note on the spectrum analyzer using a peak hold
feature. The value of this frequency is calculated from the
average of ten measurements recorded with varying
microwave frequencies. In addition, these measurements
were made with at least two different sets of,@&3er

=) Pr——— lines.
al
. .:-'-1.-' Ty DATA PRESENTATION AND INTERPRETATION
I ﬂ' OF RESULTS
L —— - In Table 1, we show the five new frequencies measured,
.

arranged in order by their pump lines. The wavelengths
and wavenumbers were calculated from the average
frequency using 1 crh= 29 979.2458 MHz. All FIR

Figure 3 emissions were observed to have parallel (||) polarizations

Diagram of the FIR laser and the frequency measuremenfith respect to the C{aser. With the laser emission
setup. from the 10R(32) pump line, two peaks were observed.
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t Current address of author: Optical Sciences Center,
CC, Frequency Wavelength Wavelnumber University of Arizona, 1630 e. University Blvd.,
Pump (MH2) Hm) (cm?) Tuscon, AZ 85721.
9R(6)  4413279.1 67.930 1472111 gh;cf::[‘gl_f'(fé%')d%ezzgd E. G. Burkhard: Appl
igg(gg) g ggg g?gg ggggg ﬁggg‘g 2. S. C. Zerbetto and E. C. C. Vasconcellos: Int. J. Infrared
(32) : : 5020 " \rillimeter Waves 15, (1994), p. 889.
10R(16) 3463 216.2 86.565 115‘52(¥)5 3. D. Pereira, J. C. S. Moraes, E. M. Telles, A. Scalabrin
10P(32) 2 850 703.9 105.164 95.0892 . : . uy i ’
F. Strumia, A. Moretti, G. Carelli and C. A. Massa: Int.
Table 1 J. Infrared Millimeter Wavedl5, (1994), p. 1.

N. G. DouglasMillimetre and SubmillimetréVave-
length LasersA Handbook of CWWMeasurements,
(Springer-Verlag), 1989.

5. 1. Mukhopadhyay, M. Mollabashi and R. M. Lees: J.
These peaks, separated by approximately 5.3 MHz, may Opt. Soc. Am. B.14, (1997), p. 2227.

indicate a doublet or an experimental artifact based on tie F. C. Cruz, A. Scalabrin, D. Pereira, P. A. M. Vazquez,

New frequencies measured for the laser emissions from 4-
optically pumped CBEDH. All FIR emissions have their
polarization parallel to those of the G@ump lines.

laser cavity used. This includes, but is not limited to, the
possibility of observing a higher order TEM mode, or by

pumping the FIR medium on the edge rather than in the 7.

center of its gain curve. The existence of a doublet only

can be proven by determining its spectroscopic assign- 8.

ment. Experimental verification could be found by

Y. Hase and F. Strumia: J. Mol. Spectro$é6, (1992),

p. 22.

E. C. C. Vasconcellos, S. C. Zerbetto, J. C. Holecek and
K. M. Evenson: Opt. Letts20, (1995), p. 1392.

E. M. Telles, H. Odashima, L. R. Zink and K. M.
Evenson: J. Mol. Spectros&95, (1999), p. 360.

observing this line in another type of FIR cavity. The FIRS. M. Inguscio, N. loli, A. Moretti, F. Strumia and F.

frequencies were measured for the first time in this work
under optimal operating conditions. A slight shift in
frequency (possibly a few MHz) may still occur due to the
type of FIR cavity and pumping geometry used?2. 13

11.
The expansion of frequency measurement techniques from

the microwave to the optical regions has made a signifi-
cant impact on the fields of metrology and spectroscopy.
Despite the uncertainties, the FIR frequencies measured

here represent an increase in accuracy over the calculatéd.

frequencies for CBEDH. The frequencies measured using

this OPML system, with the X-V pumping geometry, will 13.

be useful for future assignments of FIR laser emissions
from this molecule by calculation of combination loops
from high-resolution Fourier transform dat4. These

D’Amato: Appl. Phys. B.40, (1986), p. 165.

10. F. R. Petersen, K. M. Evenson, D. A. Jennings, J. S.

Wells, K. Goto and T. J. Bridges: IEEE J. Quantum
Electron.,11, (1975), p. 838.

We used a HP8558B spectrum analyzer; a HP8640B
synthesizer; a HP8672A sweeper; all manufactured by
Hewlett Packard. The product information is given

for technical reference only, and does not constitute an
endorsement of the equipment used in the experiment.
E. M. Telles, L. R. Zink and K. M. Evenson: J. Mol.
Spectrosc.191, (1998), p. 206.

M. Inguscio, L. R. Zink, K. M. Evenson and D. A.
Jennings: IEEE J. Quantum Electrds, (1990), p.

575.

14. G. Moruzzi, B. P. Winnewisser, M. Winnewisser, |.

results can also be used for laser Stark and laser magnetic Mukhopadhyay_ {:md F. Strumilslicrowave, Infrared,
resonance spectroscopy where OPML emissions serve as aand Lasefransitions of MethanoAtlas ofAssigned

source of strong coherent FIR radiation. Finally, the
information gained from these frequencies will help
provide a more complete picture of gDH in the far-
infrared region.

Lines from 0 to 1258 cy, (CRC Press, Inc.), 1995.

FACULTY SPONSORS

Dr. Michael Jackson

Rm. 2005 Cowley Hall

ACKNOWLEDGMENTS

Department of Physics

The authors wish to acknowledge the following programgJniversity of Wisconsin—-La Crosse

for financial support: the National Science Foundation
(CRIF - #9982001 and RUI - #0078812), the Wisconsin
Space Grant Consortium (Research Seed Grant and

La Crosse, WI 54601

jackson.mic2@uwlax.edu

Undergraduate Research Award), the College of ScienceDr. Michael D. Allen and Dr. Kenneth M. Evenson

and Allied Health (Faculty Research Grant and Under-

Time and Frequency Division, 847.00

graduate Research Grant), and the University of WisconNational Institute of Standards and Technology

sin-La Crosse Undergraduate Research Grant.

325 Broadway

Boulder, CO 80303

REFERENCES
* Current address of author: School of Optics/Center for
Research and Education in Optics and Lasers, Univer-
sity of Central Florida, Orlando, FL 32816-2700.

mallen@bouldenist.gov

evenson@bouldgrist.gov




