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I. INTRODUCTION

A sensitive ]5"2 absorption diagnostic technique was recently developed
for measuring low-level FZ concentrations in supersonic jets of continuous-
wave HF or DF chemical lasers. Laboratory sensitivities were demonstrated
to AI/Io = 10'4 and then were further improved to 2 x 10'5. This sensitive
absorption diagnostic technique was developed for a specific application but
has promise in laser spectroscopy experimentation in the ultraviolet, visible,

and near infrared wavelengths.
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II. METHOD

In the system are used a laser radiation source and a dual beam and
detection scheme that allow the differential measurement of small changes in
the probe-beam intensity, relative to the reference-beam intensity (Fig. 1).
Several system requirements must be met to attain measurement sensitivities
of the order of 10”4 to 107>,

The radiation source must be a laser with an output power of 1 mW or
greater. This constraint is imposed by the sensitivity of the silicon photo-
voltaic detectors. The detector wavelength sensitivity range also constrains
the laser wavelengths from approximately 0.19 to 1.15 um. The laser must
be internally modulatable, with a 100% modulation depth. The usual practice
of providing mechanical chopping of the beam results in the introduction of
differential transient light-beam signals at the instants of on- and off-beam
switching in the two optical paths, causing a sensitivity limitation of the
order of 10 “ to 2 x 10-3, e.g., as with absorption spectrophotometers. Two
internal modulation schemes were investigated, i.e., acousto-optic intra-
cavity modulation and plasma modulation. These methods of modulation pro-
duce undistorted beams colinear with the optic axis during the modulation pro-
cess, minimizing or eliminating the switching transients caused by a scanning
of the reference and probe beams over different inhomogeneous optical sur-
faces during chopping in mechanical systems. It is expected that dye-laser
modulation by means of pump-laser modulation will also produce undistorted
beams. This contention, however, has not been demonstrated and will be the

subject of further study.

Intensity differences in the two light-path beams of the optical system
may develop as a result of polarization effects. Since reflectivity and trans-
missivity of the optical components in the optical paths are functions of the
incident-beam polarization, independent intensity changes in the two polariza-

tion components of an unpolarized laser beam may produce uncompensated




beam-intensity changes. Hence, a prism is placed in the optical path before
beam splitting to eliminate one of the beam polarizations. A thick optical di-
electric flat or an optical wedge is used as the beam splitter for ease of
elimination of one of the reflected beams to avoid noise generation in the
reference-beam detector as a result of interference. The angle of orientation
of the flat, relative to the incident beam, is nominally 45 deg but may be

varied within limits to help achieve a closer balance in the reference- and

probe-beam intensities at the detectors. An uncoated dielectric flat is used
when the probe -beam detector requires use of a narrow-band optical trans-
mission filter with reduced in-band transmission, which reduces the trans-
mitted beam of the beam splitter and brings it into closer balance with the re-
flected beam. If no optical filter is required, a dielectric-coated mirror

(~45% transmission, 45% reflectivity) may be used.

The beam of higher intensity also passes through a suitable linear
optical density wedge of limited opacity range, e.g., quartz, 0 to 0.3. Trans-
lation of this optical density wedge transverse to the optical path reduces the
refined intensity of the stronger beam to bring the two beams measured at
the detectors into the condition of zero differential signal. Suitable, high-

quality optical flats, e.g., CaF, or quartz, can be used as absorption-region

windows. The beam must be frze of any limiting apertures in the optical path
from laser to detectors. In addition, the optical path lengths to the two de-
tectors should be about the same to ensure nearly equal spot sizes. Sensitive
laser spectroscopy measurements were made with the system shown in Fig. 1
with the use of silicon photovoltaic EG&G Model UV 444B detectors. Attempts
to use photomultiplier tubes were unsuccessful. Hence, the method is cur-

rently limited by the spectral response curve of the detectors (Fig. 2).

The detectors were connected to a Tektronix Model 1A7A 10-uV sensi-
tivity differential amplifier and viewed on a Model 545 oscilloscope. The
load resistors were 1000 Q each. These load resistors maintained photo-
voltaic operation in the linear region of the characteristic curve. The detec-

tor radiation power sensitivity is nominally of constant value (within
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approximately 2%) over the entire detector surface. The peak-sensitivity
surface positions of the detectors were easily determined by means of the
sensitive differential arrangement employed. It was necessary to provide the
detectors with translation capability in the two directions transverse to the
beams to tune the beams to peak sensitivity. This procedure was essential
to achieve measurement stability because beam jitter on the sides of the peak
could result in differentially uncompensated signals. However, with both
detectors peaked, signal changes resulting from beam jitter were minimized

to an acceptable level.

Io is determined on the oscilloscope trace as the peak-to-zero signal
difference of the modulated probe-beam detector for no absorption (gain) in
the measurement region. The reference- and probe-beam detector signals
are brought into coincidence (differential oscilloscope signal = 0 within 10"1t
to 10'5) by viewing the difference signal at decreasing amplifier gain levels
while reducing the detector light differential by positioning the optical density
wedge. The introduction of absorption (gain) into the measurement region

results in measurement of the differential signal Al.

The use of phase-sensitive amplification to enhance sensitivity was not
effective with this technique since slight drifting of the differential signal at
high sensitivities (the result principally, it appears, of laser-beam wander
over the detector surfaces) over tens of seconds precludes the unambiguous
use of lock-in detection. Rather, the clear oscilloscope traces produced by
this differential method allow a real-time evaluation of signal stability and

measurement errors.
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III. EXPERIMENTAL DEMONSTRATION

The sensitive laser spectroscopy measurement technique was demon-
strated at 325.0- and 441. 6 -nm wavelengths by means of square-wave,
acousto-optically modulated HeCd lasers (Liconix Models 301M and 405M) at
beam power levels of {, 10, and 15 mW. This type of modulztion was most

effective. The square-wave rise and fall times were 700 and 200 nsec.

Oscilloscope traces of the laboratory data obtained with the Liconix
Model 301M modulatable HeCd laser operating at 325.0 nm and 1 mV are
shown in Fig. 3. Chopping frequency for these traces is nominally 18 Hz
for each case. The reference (-B) and probe (A) signals as viewed indepen-
dently on the oscilloscope are shown in superposition in Fig. 3(a). The sig-
nal level, corresponding to Io' is 12 mV and is displayed on either side of
the zero (no light) level. Note the absence of any transient effects at the
instants of chopping, either on or off. The top trace in Fig. 3(b) is the -B
trace alone with a reduced amplifier frequency bandpass (0 to 1 kHz), relative
to the display in Fig. 3(a)(0 to 1 MHz). Simultaneous display of the balanced
A - B signals results in the middle trace in Fig. 3(b). These traces are both
observed at a 10-mV /cm differential gain. The bottom trace in this figure
is displayed at a gain three orders of magnitude smaller than the two top
traces, i.e., 10 pV/cm, where the previously unobservable imbalance of
9wV (AI/I = 8 X 10'4) is seen. Note the almost total elimination of laser sig-
nal noise. Further refinements in a signal presentation are shown in Figs. 3{(c)
and 3(d). The amplifier bandpass was reduced to 100 Hz, Fig. 3(d). A lower

limit sensitivity in 1 part of 104 is shown by the trace in the middle.

Plasma modulation of a 1-mW HeNe laser operating at 632.8 nm was
also employed to successfully demonstrate this technique. The laser was
powered by a half-wave, rectified electrical power supply. For this type of
operation, the Io and differential signals were measured from the no-signal

levels to the peaks of the half-wave laser signals, Figs. 4(a) and 4(b).
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The method was successfully applied directly to the measurement of
low -density FZ concentrations in a cold-flow calibration facility and the super -
sonic jets of HF and DF continuous-wave chemical lasers. For these experi-
ments, a 325-nm wavelength operation is required. This wavelength is near
an insensitive ultraviolet end of the detector response curve, hence, repre-

sents a somewhat difficult portion of the operational spectral range (Fig. 2).

This system, when used as an F 2 abosrption diagnostic, was calibrated
directly in an ]:7‘2 cold-flow facility. FZ density along a path length between

windows was determined by introducing F_ in an N2 diluent at known partial

pressures into the flowing measurement ciamber while monitoring steady-
state chamber pressure and temperature. A flowing system was used to

eliminate FZ wall-loss effects. Excellent agreement (within plus or minus
2%) was obtained over the range AI/Io =8 X 10'4 to 2.9 X 10'2 between the
measured absorption and the calculated absorption on the basis of F

(Fig. 5).

2 density

A higher powered HeCd laser (Liconix Model 405M) operating at 15 mW
was used to demonstrate this method, and increased sensitivity was obtained.
The experimental setup is shown in Fig. 6. The detectors are housed in Cu
blocks to reduce thermal drift. Some difficulty was experienced with this
laser. The square-wave lasing signal was marred by an overshoot at the
beginning of the pulse, resulting in a differential scope presentation that was
not as perfect as the signals observed with the Model 301M laser. Neverthe-
less, increased sensitivity, AI/Io =2X 10-5, was obtained (Fig. 7). At this
sensitivity level, the principal difficulty in measuring is in long-term
drift, which in a period of 10 to 20 sec will shift the differential reading by
2 X 10'5. This change in differential reading is thought to be the result of

beam wander.

-15-
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IV. DYE-LASER APPLICATIONS

The demonstration of this technique at 325 nm, near the insensitive
short wavelength tail of the silicon-photovoltaic-detector response curve,
implies equally good (or better) system performance in the region of greater
detector sensitivity at longer wavelengths because of the inherently higher
detector signal-to-noise ratios. Performance was demonstrated at both the
441.6- and 632.8-nm wavelengths. Application of this method to the current
continuous-wave dye-laser spectral range (approximately 400 to 950 nm)
should be relatively straightforward. In particular, a dye laser employing
the folded, three-mirror, astigmatically compensated resonator with non-
colinear laser pumping appears to lend itself readily to this measurement
technique (F'ig. 8)[3]. The pump beam is focused on the dye jet stream with
spot sizes of the order of 10 um. Because of the dye laser threshold, modu-
lation of the pump laser to a 100% modulation depth is unnecessary. Plasma
modulation of the pump laser to a reduced power level, rather than complete
discharge turn off, eliminates restart problems and laser-beam transients.
Simple mechanical chopping of the pump laser beam or of a focused pump-
laser beam may be adequate for implementation of this technique. Investiga-
tion of this sensitive measurement method in which are used a Coherent
Radiation Model CR-3000K SG krypton ion pump laser and a Model CR 599-21
dye laser [3] with a folded, three-mirror, jetstream configuration is contem-
plated for the near future.

-19.
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V. TRANSIENT PHENOMENA

This technique was developed for the study of steady-state phenomena
or average-value measurements. Chopping frequencies of order 20 to 60 Hz
were used. High sensitivity requires high-frequency electronic filtering of
all frequencies greater than 1 kHz (Fig. 3). The detector rise time is of the
order of 20 X 10”7 sec. Hence, all limiting time constants associated with
the detector in this application are derived from the associated circuitry.
The cabling to the oscilloscope provides the limiting-circuit time constant
and is easily maintained at <10'6 sec. The measurement of transient changes
of this time order, e.g., in flowing systems, with this system requires a
relaxation of the electronic-filtering, high-frequency bandpass, hence, a
lower achievable sensitivity. Transient phenomena of approximately 1 psec

are observable at sensitivities of approximately 1073,

-21-
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VI. CONCLUDING REMARKS

The differential measurement technique was demonstrated at sensitivities
to 2 X 10-5, an improvement of 2 orders of magnitude over mechanical chopping
differential measurement techniques currently employed in many laboratories.
The chopping frequencies used to date with this technique range from approxi-
mately 20 to 60 Hz. Electronic filtering of all frequencies greater than 1 kHz
is also employed. Hence, the method is generally applicable to steady
phenomena or average value measurements. However, transient phenomena
of approximately 1 usec are observable at sensitivities of 10™~, It is ex-
pected that this technique could be used for all internally modulatable laser
systems operating within the detector sensitivity range. In particular, plasma
modulation (or, perhaps, even mechanical chopping) of the pump laser in dye-
laser systems will make this increased sensitive laser spectroscopy measure-
ment technique applicable at all wavelengths provided by the current dye-laser

systems.
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THE IVAN A. GETTING LABORATORIES

The Laboratory Operations of The Aerospace Corporation is conducting
experimental and theoretical investigations necessary for the evaluation and
application of scientific advances to new military concepts and systems. Ver-
satility and flexibility have been developed to a high degree by the laboratory
personnel in dealing with the many problems encountered in the nation's rapidly
developing space and missile systems. Expertise in the lat=st scientific devel-
opments is vital to the accomplishment of tasks related to these problems. The

laboratories that contribute to this research are:

Aerophysics Laboratory: Launch and reentry aerodynamics, heat trans-
fer, reentry physics, chemical kinetics, structural mechanics, flight dynamics,
atmospheric pollution, and high-power gas lasers.

Chemistry and Physics Laboratory: Atmospheric reactions and atmos-
pheric optics, ckernicli reactions in pof{uted atmospheres, chemical reactions
of excited species in rocket plumes, chemical thermodynamics, plasma and
laser-induced reactions, laser chemistry, propulsion chemistry, space vacuum
and radiation effects on materials, lubrication and surface phenomena, photo-
sensitive materials and sensors, high precision laser ranging, and the appli-~
cation of physics and chemistry to problems of law enforcement and biomedicine.

Electronics Research Laboratory: Electromagnetic theory, devices, and
]:n'a]ngntxl on pEenomena, including plasma electromagnetics; quantum electronics,
lasers, and electro-optics; communication sciences, applied electronics, semi-
conducting, superconducting, and crystal device physics, optical and acoustical

imaging; atmospheric pollution; millimeter wave and far-infrared technology.

Materials Sciences Labor.torr Development of new materials; metal
matrix composites and new forms of carbon; test and evaluation of graphite
and ceramics in reentry; spacecraft materials and electronic components in
nuclear weapons environment; application of fracture mechanics to stress cor-

rosion and fatigue-induced fractures in structural metals.

Space Sciences Laboratory: Atmospheric and ionospheric physics, radia-
tion from the atmosphere, density and composition of the atmosphere, aurorae
and airglow; magnetospheric physics, cosmic rays, generation and propagation
of plasma waves in the magnetosphere; solar physics, studies of solar magnetic
fields; space astronomy, x-ray astronomy; the effects of nuclear explosions,
magnetic storms, and solar activity on the earth's atmosphere, ionospherc, and
magnetosphere; the effects of optical, electromagnetic, and particulate radia-
tions in space on space systems.
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