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Sub-Doppler signals from the gain curves of four lines of a transversely pumped far-infrared methanol laser were used to
stabilize the frequencies of the laser. The frequencies of four of the strongest FIR laser lines (70, 119, 123 yanoviai@
measured. Lasers locked to these lines have a frequency reproducibility of a few parftsaimdl@h uncertainty of less than
30 kHz. © 1998 Academic Press

I. INTRODUCTION couple out the FIR power. It can be rotated a few degrees ne
the Brewster angle to maximize the output power.

We were able to improve the frequency reproducibility of The gain region filled with gaseous GBIH is formed by an
four optically pumped far infrared (FIR) laser lines of methanahternally polished copper tube with a 2.5-cm inner diamete
by locking to sub-Doppler Lamb dips at the center of each gainat is 80 cm long. However, for wavelengths longer than 20(
curve. The Lamb-dip signal was obtained by operating them, a second, larger copper tube of 5-cm inner diameter i
laser at lower than usual pressure and transversely pumpingibed to minimize the diffraction loss and obtain lasing at longe
gain medium with CQ laser radiation. wavelengths. The smaller tube has a better overlap between t

Optically pumped FIR lasers are the most versatile, poweshort FIR wavelengths and several times more power is prc
ful, coherent sources in the FIR region. Due to good frequengyiced on the 63sm line of **CH,OH by using the smaller
reproducibility (few parts in 1§ and stability (few parts in tube. The pump radiation is nearly perpendicular to the lase
10°) they have been used in high-resolution spectroscopigis to prevent burning the beam splitter and to minimize
studies in, for example, laser magnetic resonance (LMR) spe&ansferred Doppler-pulling effects on the FIR laser lig (
troscopy, active medium spectroscopy, tunable FIR spectr@ge will call this dispersion pulling). The CQadiation enters
copy, and plasma diagnostics. They are also used as log®) copper tube near one end through a ZnSe window at ¢
oscillators for heterodyne receivers in radio astronomy.  angle of 75° with respect to the cavity axis and bounces bac

The frequency uncertainty is determined mainly by the rend forth down the pump tube. The GPump laser is of the
settability of the optically pumped FIR lasers to the center @ame design as that recently developed in our laboratrip (
their Doppler-broadened (1-10 MHZ) gain curve. In previoughich 275 lines can be grating selected from all 12 bands of th
works, the frequency resettability was limited by the locking a£O, laser.
the FIR laser line to the top of the Doppler-broadened gainThe absorption region is contained in a Pyrex tube with
curve @, 3. Our recent measurements have improved tifecm inner diameter and has a length of 40 cm. However, n
frequency accuracy by about a factor of 20 and make theiBsorption gas was used in these experiments. Various ga:s
much more accurate frequency and wavelength sources éah be introduced into this absorption cell to search for in

spectroscopic applications. verted Lamb dips on the laser output. The two regions ar
connected to avoid pressure damage to the beam splitter duril
1. EXPERIMENTAL APPARATUS pump-out. The cavity mirrors are gold coated; one is couple

to a micrometer for coarse tuning and the other to a PZ"

Figure 1 shows the experimental setup. The FIR laser usei§asducer for fine tuning. The FIR frequency of the laser is
nearly confocal, 1.40-m-long Fabry-Perot cavity mechanicalfpodulated by modulating the dc voltage applied to the PZT.
maintained by four Invar bars and four aluminum blocks. The
laser cavity is divided into two regions (gain and absorption) . THE MEASUREMENTS
by a polypropylene beam splitter8n thick set at the Brewster

angle. This beam splitter is also used as a partial reflector the studied four of the stronger FIR laser lines in methano
at wavelengths of 70, 119, 123, and 52®. These lines have
1 Postdoctoral fellow from CNPg-Brasilia-Brasil. been used in many other spectroscopy experiments. First, tl
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FIG. 1. Experimental setup to stabilize and frequency measure the FIR -10 Vo +10
laser lines. FIR Frequency (MHz )

FIG. 2. Lamb dip observed on the gain curve of the 18- line.

laser power was maximized, then the methanol pressure was

reduced to 1.3—6.7 Pa (10-50 mTorr) to produce a Lamb dips IV. RESULTS AND DISCUSSION

at the centers of the gain curves (see Fig. 2). The Lamb dip in

the output power of the laser was detected with a liquid- The Lamb dip on each gain curve shows a good signal-tc
helium-cooled germanium bolometer. The signal was amptioise ratio and symmetry. Typically, the full-width at half
fied and sent to a lock-in amplifier for phase-sensitive detectiomaximum (FWHM) was less than 2 MHz. The frequency
at the modulation frequency. We modulated the FIR lasencertainty was estimated from

frequency at 600 Hz with a width of about 200 kHz. In some

cases, detection at the third harmonic of the fundamental was Ay = [(207pea)? + Avig, + Av2co, + AVﬁisper)]”Z, [2]
used to eliminate baseline curvature. The demodulated signal

was filtered and amplified and then sent to the PZT coupledere,,is the standard deviation of the beat note measure

the cavity mirror in order to Igck the frequency of the FIR lasehents, Ay, is the frequency uncertainty of the G@asers,

to the center of the Lamb dip. ~andggpeis the frequency deviation due to dispersion pulling
We measured the frequency of the FIR laser by mixing |E%.used by the pump laser pul“ng the gain curve by Dopp'e

radiation with the radiation from two CQlasers 6) in a pylling.

point contact metal-insulator-metal (MIM) diode. It has a The standard deviation from 40 measurements of the be.

tungsten whisker and a nickel base. The difference betwegdte frequency measurement was below 10 kHz. Each me

the frequencies from the CQasers was used as the FIRsyrement was an average from at least 50 scans of the spectr

reference frequencyvbol(l) — veodll)]. Each CG, laser  apalyzer with a scan width of 100 kHz, a sweep time of 2 s, an.

was stabilized to the saturation dip in the 48 CO, 3 resolution bandwidth of 10 kHz. The beat note frequencie
fluorescence signal in an external reference &llThe FIR

frequency measurements were performed attléas after

the lasers were turned on to ensure that all lasers had TABLE 1
reached thermal equilibrium. Frequency Measurements of Sub-Doppler-Stabilized
The beat-note signal from the MIM diode(,) was am- FIR Laser Lines from CH;OH

plified and dlsplaye_d ona spectrqm analyzer. The center fre—. FIR taver lime beat mote FIR Frequency
guency was determined with the aid of a synthesizer-generatet5~ pump offset 3F
frequency marker. Each beat-note frequency was obtained
from an average of at least 40 measurements. The FIR fre-(m) (MHz) | (MHZ) (KHz) | (MHz)  (kHz (x10%)
qguency g r) is determined using the beat note frequency

o Frequency AvV' Av/v

70.5116  9P34 + 24 | 1009.995 5 | 4251674237 20 0.5
118.8341  9P36 + 24 | 1198.010 10 |2522782311 27 1.0
— 123.4515  9HP20+ 9 9.431 4 12428422130 20 08
VERrR = |V|c02 - Vncozl * Vpear [1]
570.5684 9P16 + 64 | 1210.714% 6 525427.746 21 4.0

The (+) or (=) sign was determined experimentally by tuning
the FIR laser frequency before locking and looking at the beat: from expression2).
note shift on the spectrum analyzer. 2| ocked at 1F.
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TABLE 2
Comparison of Frequency Measurements Reported by Different Methods
A This work FIR emission TuFIR mmw
(um) (MHz) MHz) MHz) MHz)

705116  425]674.237(20) 4251 674.63 (15)" 4251 674.56(10)*
118.8341  2522782.311(27) 2522782.464(220y 2522 782.74(8)

2522 782.57(T)

1234515 2428422.130(20)  2428422.60(50 2428 421.90(5)*

570.5684  525427.746(21) 525 427.5(7) 525 427.902(50)°

Note. 1o values in parentheses.

! Ref (3).

2Ref (9).

% Ref (10).

4 Ref (11).

®Ref (12).
were within 10 kHz of each other for both 1F and 3F detection V. CONCLUSION
where 1F and 3F are first and third derivative locking to the o )
centers of the Lamb dips. The reproducibility of a few parts in £of the measured

The one-sigma frequency uncertainty of each,d&3er is frequencies is one order of magnitude better than the be
about 10 kHz 8). The frequency deviation due to dispersioRrevious results._ The experiment can be extended to oth
when the frequency of the pump laser was changed. The b@;&?r applica}tions such as in_secongiary frequency standards &
note frequency shift was less than 70 kHz when the pump wai§h-resolution spectroscopic applications.
detuned many tlme§ more than what would occur during nor- ACKNOWLEDGMENT
mal operating conditions. The normal frequency error from
dispersion pulling is estimated at 10 kHz. From time to time,E. M. Telles is grateful to the Conselho Nacional de Desenvolvimentc
the pump offset was reset to produce the maximum powerq‘,ﬁnfﬂco e Tecnolgico-CNPg-Brasil for providing the funds for his stay at
the FIR laser to minimize the effect of dispersion pulling on th§iona! Institute of Standards and Technology-NIST.

FIR frequency. REFERENCES
The dispersion pulling for longitudinal pumping is
1. H. Schnatz, B. Lipphardt, J. Helcke, F. Riehle, and G. ZinRérys. Rev.
Lett. 76, 18—21 (1996).
Aver = Z(Ver/Veump) AVpume- [3] 2. T. Sakurai,Jpn. J. Appl. Phys25, 24-129 (1986).
3. A. Onae, Y. Miki, T. Kurosawa, and E. Sakum@ptics Comm.109,
At 2.5 THz, the FIR frequency would be shifted by 830 KHz for ~81-85 (1994).
a 10-MHZ detuning of the pump laser, but with our transversely- K- M- Evenson, C. Chou, B. W. Bach, and K. G. BatBEE J. Quant.
d laser this effect is only 10 KHz. The central Lamb dip i Electron. QE-30, 1187-1188 (1995).
pumpe _ nly - - _ PI$ B Dahmani and A. Claironint. J. IR MM Wavess, 1053—1068 (1984).
about 96% Qf that with longitudinal pumping at line center, and;, . R. petersen, K. M. Evenson, D. A. Jennings, J. S. Wells, K. Goto, an
the pulled side-lobes are reduced by a factor of 4. J. J. JimenedEEE J. Quant. ElectronQE-11, 838843 (1975).
Table 1 summarizes the frequency measured using 1F dé-C. Freed and A. Javamppl. Phys. Lett17, 53-56 (1970).
tection for the line at 57@m and 3F for the other lines. The 8 T- D- Varberg and K. M. Evensomstrophys. J385, 763-765 (1992).
total frequency uncertainty calculated from ex ressﬁ}li\s[27 9. M. Inguscio, L. R. Zink, K. M. Evenson, and D. A. JenningBEE J.
q y Yy p , Quant. ElectronQE-26, 575579 (1990).
kHZ- Ta_ble 2 compares _Ou_r mqre accurate reS_U|tS with frequeg: |_-H. Xu, R. M. Lees, K. M. Evenson, C.-C. Chou, J.-T. Shy, and E. C. C.
cies using tunable radiation in the FIR region (TuFIR) for VasconcellosCan. J. Phys72, 1155-1164 (1994).
absorption measurements in the excited vibrational state 18f E. C. C. Vasconcellos, S. C. Zerbetto, F. Stroh, and K. M. Evenson, ir
methanol and with laser radiation. The agreement is generally "-2ser Spectroscopy Xil International Conference,” (M. Inguscio, M.
L Allegrini, and A. Sasso, Eds.), pp 255-257, World Scientific Publishing
within the error bars of the less accurate measurements forCOmpamy Singapore, 1996
about or]e-h.alf of the frequencies. Presently, we do not undes: | mukhopadhyay, K. V. L. N. Satry, R. L. Crownover, and F. C. DeLucia,
stand this disagreement. Infrared Phys. Tech38, 107-111 (1997).

Copyright © 1998 by Academic Press



