Multiwavenumber linearized diode laser spectra by

overlapping frequency scans

C. Brent Dane, Rudolf Briiggemann, Robert F. Curl, Jerome V. V. Kasper, and Frank K. Tittel

A method for producing diode laser spectroscopy scans which are several wavenumbers long, linear in
frequency, and readily and accurately calibrated from reference spectra is described. The laser itself is
current scanned under computer control over short segments (as is normally done) and such overlapping
segments are linearized and pieced together to provide the final scan.

I. Introduction

The diode laser has become well established as a
source of tunable infrared radiation for spectrometric
applications. However, its usefulness in spectroscopy
is still limited by a small continuous frequency tuning
range (usually <1 cm~!) and even these limited scans
tend to be rather nonlinear in frequency. These tun-
ing problems make many of the tasks involved in spec-
troscopy difficult, especially the recognition of pat-
terns within collected spectra (such as rotational line
series) and to a lesser extent the exact frequency cali-
bration of spectral features. It is possible to partially
solve this problem by choosing a reference gas with
closely spaced calibration lines in order to calibrate
from a short scan and then to replot the experimental
spectrum as a stick diagram using computer graphics.
However, this approach removes the raw data from
working consideration during the analysis process and
with it real information. For example, with some
spectroscopic techniques, most notably magnetic rota-
tion, spectral line shapes are a rich source of informa-
tion aiding greatly the assignment process. There-
fore, the ability to generate long range, linear spectral
displays of the actual data acquired is of considerable
value.

The conventional method of scanning has been sim-
ply to tune the laser current and then to change the
diode temperature and scan another partially overlap-
pingregion.! Unfortunately, as has already been men-
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tioned, single-mode current scans are limited to frac-
tions of a cm~l. In principle, longer scans are
achievable with temperature tuning alone,? but so far
controlled temperature tuning appears not to be tech-
nically feasible because of the inherently slow response
time of the temperature servo loop. The recent devel-
opment? of a scanning mode in which the diode is
locked to a tunable external cavity permits accurate, if
still somewhat nonlinear (because the external cavity
is tuned by a Brewster plate), scanning over frequency
regions approaching 1 cm™%

Although several papers have been written about
computer-controlled diode laser spectrometersl4-®
and computer manipulation of the resulting spectral
data, the problem of joining the intrinsically rather
short scans into multiwavenumber scans appears not
to have been specifically addressed. The purpose of
this work is to describe our method for doing this which
allows continuous and linear frequency scans to be
routinely generated over 3 cm~! in length. These
scans can be readily and accurately calibrated from
reference spectra.

. Hardware

The infrared diode spectrometer consists of a Spec-
tra-Physics diode laser source (SP-5150), an LSI-11
minicomputer, a 1-m multipass White cell, and diag-
nostic instrumentation configured as shown in Fig. 1.
With our present collection of laser diodes and optical
coatings the operating range spans 1750-2850 cm™!
but can be readily adapted for any region covered by
lead salt diodes.

The laser output beam of the spectrometer is split by
a ZnSe beam splitter and ~70% is directed into the
multipass cell allowing up to an 80-m absorption path
length for spectroscopic investigations. The remain-
ing 30% of the radiation is divided among three diag-
nostic elements. These consist of two vacuum-spaced
marker cavities and a reference gas absorption cell.
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The marker cavities are constructed on an Invar frame
kinematically positioned inside an evacuable cham-
ber.” Their germanium optics have dielectric high-
reflectivity coatings on the interior surfaces and anti-
reflective coatings on the outer ones. The fine etalon
is a semiconfocal cavity with a free spectral range
(FSR) of 500 MHz. The second coarse etalon has a
plane-parallel arrangement providing a continuously
variable FSR, usually adjusted to around 3 GHz. The
reference cell is 2.5 cm in diameter, 15 cm long, and
employs CaF, windows that are tilted to prevent back-
reflection into the laser. Liquid nitrogen cooled InSh
detectors are used in conjunction with the three diag-
nostic elements and the White cell. Each detector is
coupled via preamplifiers to separate lock-in amplifi-
ers. Modulation is provided either by chopping the
laser output at 400 Hz with the tuning fork chopper or
by frequency modulating the laser in the range from
500 Hz to 10 kHz. However, most work involves free
radicals and employs modulation of the absorption by
concentration or Zeeman modulation.

ll. Mode of Operation

The computer control of the diode laser and data
acquisition follow standard methods. The current is
scanned over ~0.3 cm™~1, then the temperature is ad-
justed (presently manually; in the future, it should be
possible to execute this control function under com-
puter control utilizing recent advances in high resolu-
tion D-A converters) to provide a new slightly overlap-
ping current scan region, and the current scan is
repeated. The mode selecting monochromator grat-
ing is adjusted under computer control. Incoming
data from the experiment are buffered through opera-
tional amplifiers and are processed by a sixteen-chan-
nel A-D converter with differential inputs. The soft-
ware used to scan the diode laser was adapted from a
comprehensive program designed to operate tunable
laser systems, in particular, a color center laser spec-
trometer.” A single program handles scanning as well
as data collection, storage, and display to the terminal
screen or to an X-Y plotter.

A given frequency scan consists of successive current
scans between each of which the diode temperature is
adjusted. During scanning, each time the end of the
diode current lookup table is reached, the computer
automatically halts the scan and enters a ramp mode in
which the current is rapidly (200 Hz) ramped over the
region just scanned. At this point the temperature
must be adjusted in such a manner that, when scanning
is resumed, a new region will be covered exhibiting an
overlap with the previous region. This is accom-
plished by viewing the coarse marker cavity features
(~3-GHz spacing) on the oscilloscope and carefully
adjusting the temperature until the last peak on the
high current side of the display is moved to the edge of
the low current side. The user then signals the com-
puter to continue the scan. This process can be re-
peated until either the laser mode being tuned loses its
power or a mode hop occurs producing a discontinuity
in the scan.
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Fig. 1. Optical layout of the diode laser spectrometer and diagnos-
ticinstrumentation. The diagnostic box is evacuated during opera-
tion of the system.

IV. Overlap

The described scanning scheme results in a data set
which covers many wavenumbers but has periodically
spaced overlapping regions where current flybacks
have occurred. To generate linear continuous fre-
quency scans suitable for analysis and calibration, the
individual segments must be linearized, overlaps must
be removed, and the adjacent current scans accurately
joined. A program has been developed to perform the
tasks of linearization and overlap using high resolution
screen graphics for data display and cross-hair input
for the selection of spectral features.

To linearize the data in a given current ramp seg-
ment, the fine marker channel is examined for gross
irregularities or discontinuities. If, as is normally the
case, none is found, the program locates each marker
peak using a centroid fit and determines the maximum
spacing between successive peaks. All marker spac-
ings are then normalized to this maximum spacing
using a fourth-order polynomial fit to the marker posi-
tions and parallel corrections are made to each of the
data channels. Aside from the considerable conve-
nience to spectroscopic analysis of a linear frequency
scale, the need for such linearization is shown in Fig. 2
where fine marker features are shown overlapped
without and with linearization.

Once the individual segments have been linearized,
the overlapping segments are joined. A spectral fea-
ture is identified as occurring on each side of the fly-
back and the two scans are aligned by superimposing
these features. The relatively close spacing (500
MHz) of the fine marker peaks makes them the best
choice as reference features for overlapping. Howev-
er, since the size of the overlap is often such that more
than one marker may be repeated after a current fly-
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Fig. 2. Overlapping of two successive current scans showing the

value of linearization of the spectrum: (a) the scans are not linear-

ized before overlapping; (b) the two scans are linearized and then
overlapped.

back, a second reference is required to make positive
identification of two fine markers corresponding to the
same frequency. The data from the coarse marker
channel serves as this reference.

The software performs the overlapping of the cur-
rent scans interactively with the user. The data chan-
nel from which overlapping features will be chosen is
requested from the operator as well as the channel
which will be used as a reference in order to insure that
equivalent spectral features are selected. In the re-
gion of each current setback, the overlap channel is
plotted on the lower half of the screen and the refer-
ence channel on the upper half with a vertical dashed
line to indicate the position of the flyback. After the
overlap features are chosen using the screen cross-
hairs and the centroids have been determined, the data
are replotted with the overlap features superimposed.
The vertical cross-hair can then be used to select a cut
point at which data from one current scan will stop and
that of the next scan will continue in such a manner
that a smooth transition occurs at the mend. Figure 3
illustrates such an overlap region. This procedure is
repeated for each current flyback after which a contin-
uous and linearized frequency scan is produced. Fig-
ure 4 illustrates one such scan covering a region of
almost 7 cm ™1,

This spectrum can now be calibrated as one continu-
ous scan by another set of calibration programs. Us-
ing the frequencies reported by Guelachvili® for the CO
lines to calibrate the frequency scale of the traces
shown in Fig. 4, the free spectral range of the fine
etalon was determined to be 0.015433 cm™1, and the
N,O frequencies were then measured using CO for
calibration. The N-O frequencies we obtain are sys-
tematically ~0.001 cm~! higher than those measured
by Amiot and Guelachvili.? The standard deviation of
the differences is ~0.001 cm™1.

V. Conclusion

In this work a system is described for producing
multiwavenumber, frequency linear, readily calibrat-
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Fig.3. Illustration of the overlapping procedure. Not all overlaps
are as smooth as this one. However, any lack of smoothness results
from variations in the vertical scale size in between scan segments
and does not directly affect the frequency accuracy. These scans
were taken using frequency modulation which washed out some of
the fine etalon finesse. The bottom trace taken with the frequency
modulation turned off shows the true fine etalon fringes.
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Fig.4. A 7-cm~!scan using frequency (current) modulation. The
White cell contained a mixture of nitrogen oxides. The reference
cell contained CO as a calibration gas. In the figure, the fine marker
channel is not depicted as individual fringes are not resolvable on
this scale. A refinement which can be readily added is to adjust the
spectroscopic channels’ vertical scale with the varying height of the
coarse marker features across the scan. This has not been done as it
was believed that the depiction of the diode power variations with
frequency is more informative.

ed single-mode diode laser spectroscopic scans to sim-
plify the assignment and analysis of diode laser gas
phase spectra. The recent report of the frequency
stabilization of a diode laser to an external broadband
cavity® provides the potential for acquiring frequency
scans with increased spectral accuracy. The combina-
tion of that hardware with the overlapping methods
presented here will significantly enhance laser spec-
troscopy in the infrared from 3 to 20 pum. New ad-
vances in diode laser technology hold great promise for
the future application of diode lasers to spectroscopic
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investigations. Lasers capable of longer range current
scans have already been produced,!® and the quality
and performance of commercially available diodes are
expected to steadily improve. As diodes improve, the
techniques described here can provide continuous, lin-
earized spectra covering larger frequency regions.

This work was supported by National Science Foun-
dation grant CHE-8504171 and by grant C-586 of the
Robert A. Welch Foundation.
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EASTMAN KODAK COMPANY, Rochester, New York 14650, founded by
George Eastman in 1880, has major plants in New York, Tennessee, Texas,
Massachusetts, Colorado, Arkansas, South Carolina, California, United
Kingdom, Brazil, Mexico, France, Canada, West Germany, and Australia.
Products manufactured are amateur and professional photographic equip-
ment, films, papers and chemicals, optical and chemical equipment,
copier-duplicators, magnetic recording media and equipment, integrated
information systems, computerized vision systems, solid state image
sensors, consumer batteries, electronic publishing systems, vitamin con-
centrates and monoglycerides, fibers, plastics and industrial chemicals,
bioproducts, and products for graphic arts, micrographics, printing, instru-
mentation, photogrammetry, science, health care, and videography appli-
cations,

EDMUND SCIENTIFIC COMPANY, 101 E. Gloucester Pike, Barrington, New
Jersey 08007, is a scientific products firm. The company maintains a
10,000-sq ft optical design and manufacturing facility for the production of
optics and optical instruments. The manufacturing operation produces
stock items as well as custom units for RFQ/OEM use. The product line
includes spherical, parabolic, and elliptical mirrors; optical flats and flat
mirrors; lenses; telescopes; eyepieces. Also supplies scientific appara-
tus including lasers, positioning equipment, microscopes, fiber optics,
comparators, magnifiers, liquid crystals, Ronchi rulings, prisms, beam
splitters, Fresnel, reticles, filters, polarizing material, optical windows,
measuring devices teaching aids, and general science items.

EG&G GAMMA SCIENTIFIC, INC., 3777 Ruffin Rd, San Diego, California
92123, is a manufacturer of optical radiation measurement systems from
the UV (200 nm) to the far IR (14.5 um). The company’s broad range of
light measurement instruments includes photometric, spectroradiometric,
and radiometric computer-controlled and manually operated systems, plus
receptors, spectral selectors, adaptors, couplers, photomultipliers, detec-
tors and signal conditioners. Standard sources, monochromatic light
sources, and computer-controlled spectral/spatial scanning systems are
also available.

FARRAND OPTICAL COMPANY, INC., 117 Wall St, Valhalla, New York
10595, is engaged in research, design, and manufacture of optical, me-
chanical, and electrical systems and components. Its visual systems were
used to train crew members of space shuttle missions, aircraft, and
armored vehicles. Specialities include 3-D visual systems, night vision
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systems, sighting equipment, fire control systems, head-up displays, hel-
met-mounted displays, target projectors, and holographic notch filters.

FORD AEROSPACE AND COMMUNICATION CORPORATION, Aeronutronic

Division, Ford Rd, Newport Beach, California 92660-9983, is primarily a
supplier of weapons systems for the U.S. military services and allied
nations. The division is involved in the development and production of
tactical missile systems, electrooptical targeting and weapon delivery
systems, advanced ordnance and fire control systems. Research and
development efforts are under way in the areas of space defense, com-
mand/control, and electronic warfare. State-of-the-art electrooptical im-
aging facilities have been established supporting activities in the develop-
ment and utilization of advanced detectors, charge-coupled devices (CCD),
focal plane processing, and digital processing technologies.

GCA CORPORATION, 209 Burlington Rd, Bedford, Massachusetts 01730,

supplies capital equipment to the semiconductor industry; computer-inte-
grated factory automation systems; laboratory and scientific instrumenta-
tion; refinery analytical instruments to help improve petroleum yields; and
environmental research including hazardous waste analysis. Operating
elements include GCA/IC Systems Group, lithographic production systems
and wafer processing systems for the semiconductor industry; GCA/
Industrial Systems Group, computer-integrated factory automation prod-
ucts including hardware and software systems; GCA/Instruments and
Equipment Group, laboratory products and refinery analytical instrumenta-
tion; GCA/Technology Division, environmental contract services under
U.S. Superfund and other contracts; and GGA/Tropel Division, high preci-
sion optical lenses.

GENERAL MOTORS RESEARCH LABORATORIES, Warren, Michigan 48090-

9055, is responsible for advanced research and development for the
General Motors Corp. Activities involving optics range from fabrication of
tunable semiconductor lasers to light control films for displays and solar
heat control. Diverse applications for lasers include combustion re-
search, material processing, and picosecond spectroscopy. Systems for
pattern recognition, vehicle design, and surface contour measurement are
utilized in developing advanced manufacturing techniques.

GENERAL SCIENTIFIC CORPORATION, P.0. Box 122, Addison, lllinois

60101, designs and manufactures precision optics including photographic,
projection, laser, and condenser lenses for commercial and military uses.
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