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Single axial-mode selection in a far-infrared  p-Ge laser
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Single axial-mode operation of the pulsed far-infrape@e laser with an intracavity Fabry—Perot

type frequency selector has been observed by means of Fourier-transform spectroscopy. A spectral
resolution better than 1 GHz has been achieved on an ordinary continuous-scan spectrometer using
the event-locked technique for pulsed emission sources. A laser active-cavity finesse of at least unity
has been directly confirmed from the measured emission spectral width. Analysis of the envelope of

the corresponding interferogram suggests that the finesse exceeds PO00CAmerican Institute

of Physics[S0003-695000)00215-1

A practical goal for the far-infrarefar-IR) p-Ge laser, recordings using a fast detector and oscilloscope, where it
which operates over the wide frequency range from 50 tavas observed that the intensity pattern, which is periodic at
140 cm! (1.5-4.2 TH3, is tunable single line or single the cavity round-trip frequency, persists throughout the en-
mode generation. Operation on magnetic-field tunabldire laser pulse duratio?r:}® Previous broadband spectro-
cyclotron-resonance linésnd use of intracavity frequency scopic studies of wavelength selection using an external
selectioR have made considerable progress toward thigavity lacked sufficient resolution to distinguish individual
goal. However, single axial-mode generation, althoughaxial modes. The purpose of this letter is to demonstrate,
suggested,has not been demonstrated until now. using broadband spectroscopy with higher resolution than

Stimulated emission ip-Ge lasers occurs on direct op- Previously employed, that the-Ge laser with such a cavity
tical transitions between light- and heavy-hole valence subcan generate a single axial mode. An active-cavity finesse
bands in bulkp-Ge at liquid-helium temperatures in strong (defined as the axial mode interval divided by the cavity
crossed electri€ and magneti fields. Population inver- resonance bandwidtt greater than unity is conclusively
sion is built up via light hole accumulation at the optimal demonstrated from the spectral width of the observed emis-
ratio E/B, when heavy holes repeatedly emit an optical pho-SIon line. Analysis of the envelope of th_e corre§pond|ng in-
non after being accelerated beyond the threshold energy 3¢rferogram strongly suggests that the finesse is at least 10.
meV, but light holes move on closed cyclotron orbits below 1 Nis means that no satellite spectral emission lines, such as
this threshold and have a much longer lifetime. The usualf@nsverse modes, occur farther the:i00 MHz from the

pulse duration is a few microseconds with usual peak powergentral line.

of 1-10 W. A large gain bandwidth\w/w~ 1) makes this A recently developeq method for spectroscppy gf low-

active medium promising for wide range tunability. du'Fy-cycIe pulsed emission sources was u_sed in this work.
Without frequency selection, the usual spectrunp-Ge This technique, called event-locked Fourier spectroscopy

laser emission has a width up to 30 ¢nThis broad, mul- (ELFS,™ permits use of an ordinary commercial
timode band is tunable in the range 80140 &y chang- continuous-scan Fourier spectrometer with the full spectral

ing the appliecE andB fields. At low fields, the band sepa- "2"9€ and_ resolun_o_n allowed by that instrument, even for
sources with repetition rates of just 10 Hz and pulse dura-

rates into discrete emission lines, related to shallow-impurity. :
S — . tions of only microseconds, as holds for th&se laser. To

transitions, down to 50 ciit. The longitudinal mode sepa- . :

. . . ) date, ELFS has been used to characterize energy transfer in
ration for a typicalp-Ge laser with an active crystal length of :

. the pulsed near-IR luminescence spectra of rare-earth doped
about 4 cm and mirrors attached to the ends of the crystal i 3-15 :
aser crystal$®~1® determine the power spectrum of new

— 71 . . - _ .
0.03 cm ™ (~1 GH2. Thus, in the high-field broadband “quantum fountain” lasers emitting at 1am and pumped at

regime, the laser generates up to 1000 longitudinal modef0 um by a pulsed CQlaser'® measure the time resolved
simultaneously.

) hotoluminesence spectrum of, /Si strained undu-
According to the results of narrow-band heterodynep P 09

i . lated multiquantum-well structuré$,and characterize the
spectroscop¥,the width of each mode is on the order of 1 spectrum ofp-Ge lasers in nonselective cavitis® ELFS

MHz, Which is defined only by thg limitations of the Igser has permitted broadband spectroscopypd®e laser emis-
pulse duratior{1-4 us). This result is supported by transient gjon with at least three times better spectral resolution than
previously reported.

¥Electronic mail: rep@physics.ucf.edu The construction of the selective resonator for ph&e
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FIG. 2. Emission spectrum of-Ge laser with selective cavity. Inset:
Close-up of peak showing that the measured FWfitMcm 1) is the same

as the expected instrumental line width. The resolution and 40-140 cm
FIG. 1. Cavity construction fop-Ge laser with intracavity tuning element. range of the complete spectrum are sufficient to show that only a single
The elements from top down are the copper output coupling mirror, theongitudinal mode is present. The fields applied to the active crystal were
p-Ge active crystal, the Si spacer with evaporated Al stripes, and the brass0 T and 1530 V/cm.

Fabry—Perot resonator.

known interferogram point positions, so that a least-squares

laser is shown in Fig. 1. The operation of such cavities hagit to harmonic functions is used instead of fast Fourier trans-
been discussed previoudly.The cavity consisted of a 7.2 form (FFT) to obtain the spectrun{ELFS transform A
X 4.5x 28.0 mnt p-Ge crystal and a 7.85 mm Si spacer with study of the relative quality of the ELFS transform and FFT
evaporated Al stripes, which are 0.5 mm widelw& 1 mm  as applied to interferograms of varying point-spacing ran-
period. The backmirror was a tunable Fabry—Perot cavitydomness reveals the conditions under which the ELFS trans-
machined from brass, where the piston is adjusted by a prderm must be used to obtain adequate resdlSET is used
cision screw. The diameter of the output mirror was smalleihere because the position uncertainties are much smaller than
than the active crystal cross section to allow output of thehe minimum far-IR wavelength. Provision for a reference
generated emission. The size of the Si and Ge crystals deletector to correct each interferogram point for shot-to-shot
fines the cavity length and gives a mode spacing of 109%ntensity fluctuations is an ELFS feature, but it was not used
MHz or 0.037 cm? (usingnge=3.926,ng=3.382. in these measurements. ELFS has robust error correction

The laser crystal was cut from single-crystal, Ga-dopecprotocols to automatically recover from unacceptable events
Ge with a concentratioN,=7x10"cm ™3, The ends of the (e.g., missed shots
crystal were polished and made parallel to each other with 30 A maximum optical retardatioh =23.8 cm was used on
arc sec accuracy and with better than @uh flathess. The a Bomem DA8 Fourier spectrometer with the ELFS acces-
lateral sides of the crystal were left unpolished to suppressory (Zaubertek For an unapodized interferogram of a
transverse modes. Crystallographic orientation was such thatonochromatic source, the instrumental lineshape i) (
Bl[110] and appliedEll[ —110]. Electric field pulses were and the resulting linewidthfull width at half maximum
applied to the laser from a thyratron pulser via ohmic Al (FWHM)] is 0.603L=0.025 cm *.?? This value corresponds
contacts evaporated on the %.38 mnt lateral sides of the to 750 MHz, which is less than the 1099 MHz separation of
crystals. The entire system was inserted in a superconductiraxial modes. Resources used with the spectrometer were a 12
solenoid and cooled by liquid helium. The radiation wasum mylar pellicle beamsplitter with a 40—-140 chuseful
guided to the spectrometer emission port by a brass lightange, ad a 4 K Sicomposite bolometetinfrared Lab$
pipe. with a 370 cm* low pass filter. The interferogram sampling

The published technical description of ELFS can beperiod was chosen sufficient to give a 140 ¢nspectral
summarized as follow¥ As an electronics and software so- range, which corresponds to data collection at only 1 out of
lution, ELFS introduces n¢or trivial) additional optics and every 56 fringes of the interferometer's HeNe reference la-
no mechanical hardware to the commercial Fourierser. Hence, the useful spectral range of our measurements is
transform spectrometer that is used. Interferogram points ar¢0—140 cm®. It is generally acceptetsee, however, Ref.
sampled on the fly while the mirror scans. Needed points ar@3) that the p-Ge laser does not emit outside this range.
skipped in a given scan to accommodate slow excitatiorCollection time for the data presented héndgth 10 Hz laser-
rates since smooth scanning is impossible at arbitrarily slowepetition rat¢ was about 20 min. Transform time was insig-
speeds. Missing points are then filled during subsequeniificant.
scans to obtain the necessary spectral range. Artifacts and Figure 2 presents a spectrum in the high field region
noise from speed variatioffsare avoided by acquiring inter- when the selective resonator is used. The distance between
ferogram values at times that are locked to excitation eventadjustable mirror and the surface of the Si spacer with evapo-
rather than to the occurrence of reference fringes. Recordawdted Al strips was 12Lm, with an uncertainty of fum, as
scan-speed determines precise retardation at the acquisitidetermined with an optical microscope. For the2BFabry—
times, independent of the inevitable speed variations causd®erot resonance, 8im is predicted for the emission wave-
by vibrations and mechanical imperfections. The result of thédength \, in agreement with Fig. 2. Only this single line of

speed variations is to give uneven spacing to the precisellaser emission is observed over the useful spectral range,
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800 ' ' ' ' ' ] selector with a demonstrated finesse better than unity and an
estimated finesse better than 10, which gives00 MHz
400 _ maximum width of thep-Ge laser spectrum at3—4 THz
£ frequency. Potential applications of a single frequepeye
’gv 0 laser tunable in the wide spectral range 1.5—4.2 THz include,
2o for example, high-resolution traditional and intracavity spec-
g 400 ] troscopy of semiconductors and semiconductor structidres.
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-800 . . . . . ] dation, the Ballistic Missile Defense Organization, the Air
o S5 10 15 20 25 30 Force Office of Scientific Research, and INTAS Grant No.

Path length difference (cm) 970856.

FIG. 3. Interferogram. The data consist of interference fringes with flat
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