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Laser Ion Time-of-Flight Velocity Measurements
Using N7 Tracers

James M. Ress,* Gabriel Laufer,! and Roland H. Krauss*
University of Virginia, Charlottesville, Virginia 22903

A laser ion time-of-flight technique for velocity measurements using N; tracers has been demonstrated. The
ions are formed by a multiphoton interaction with the third harmonic of a Nd:YAG laser and are detected by a
negatively biased ion probe. In air flows with positive probe bias, negative ions, possibly O, formed by attachment
with free electrons, were detected and could also be used as tracers. The lifetime of the ions is controlied by charge
recombination. At atmospheric conditions and after a delay of 600 ps, ion signal was still above background noise
level. Measurements of flow velocities in both a low-speed freejet and in the flame of a propane-air torch are
presented. Reduced flight time in high-speed flows can produce even higher signals.

Introduction

HE validation of numerical codes that simulate high-speed
mixing and combusting flows is considerably enhanced by ve-
locity measurements. Velocity measurements are desirable at the
entrance plane, in the mixing and combusting region, and at the exit
of supersonic combustors. Velocity measurements are also required
in subsonic and supersonic air flows. Although a number of tech-
niques, with varying degrees of complexity and success, have been
applied for these measurements, none can be applied, in reacting and
nonreacting flows, without seeding of the flow. A technique, using
multiphoton ionization of N, followed by time-of-flight (TOF) de-
tection using an electrically biased ion probe has been demonstrated
successfully in air and nitrogen flows and in the flame of a propane-
air torch. This laser ion time-of-flight (LITOF) technique using N,
a specie with global presence in aerodynamic flows, does not re-
quire seeding of the flow, can be used over a wide range of density,
and is applicable to reacting and nonreacting air flows. The tech-
nique is relatively simple to implement and should be applicable in
environments having moderate velocity gradients and where probe
survivability and intrusion is not a constraint. In addition, in tests
involving aerodynamic models, the ion probe can be incorporated
in the model surface, thereby rendering the technique nonintrusive.
Techniques for velocity measurement in high-speed flows can be
listed under two general categories: 1) measurements sensitive to the
Doppler shift experienced by radiation interacting with high-speed
molecular species or particles and 2) time-of-flight techniques that
depend on the displacement of a tracer over a prescribed path length
and time interval. Among the most well-developed approaches is
laser Doppler velocimetry (LDV).! This technique uses the mea-
sured Doppler shift of radiation scattered from particles in the flow
to establish velocity. A more recent particle scattering technique,
particle imaging velocimetry (PIV),? uses a time-of-flight approach
to determine velocity from particle displacement obtained from
successive images. Both LDV and PIV techniques require parti-
cle seeding and, hence, may sufter from systematic errors when the
particles fail to track large velocity gradients. This is particularly
serious for velocity measurements in high-temperature flows where
dense refractory material particles must be used. In addition, seeding
can influence reaction kinetics in reacting flows. Alternatively, the
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Doppler shift associated with the absorption and scattering process
in molecular species can be used for velocity measurements. Species
previously used for.these measurements include Na (Ref. 3), I,
(Ref. 4), NO (Ref. 5), and OH (Ref. 6). However, these species
are not naturally present in nonreacting air flows. Although OH and
NO may occur naturally, their presence is usually limited to areas
downstream of the reaction zone of combusting flows. Furthermore,
Na, 1, and NO may interfere with the reaction if artificially seeded
to obtain velocity in combusting flows.

Alternative velocimetry techniques using the TOF approach in-
clude the formation of a thermal lens’ by locally heating the flow
with a laser pulse, excitation of a long lived molecular specie such
as the first vibrational level of O, (Ref. 8), or the dissociation of a
molecular specie, e.g., H,O (Ref. 9) by an uv laser pulse. In these
measurements the location of a tracer formed by the laser pulse is
determined after a delay by an optical imaging technique using a
second laser beam. The velocity is determined from the measured
distance between the point of formation of the tracer and its location
at the time of measurement and from the measured time between the
two events. Unfortunately, the thermal lens technique may not be
applicable to flows where large temperature and density gradients
exist. The application of an oxygen-based TOF technique is gener-
ally limited to the nonreacting and low-temperature regions of air
flows, whereas the application of the H,O dissociation technique is
limited primarily to the reacting regions or requires H,O seeding.
By contrast, this technique offers the potential for velocity mea-
surements both in the reacting and nonreacting regions of the flow
without the need for seeding using a relatively simple measurement
scheme.

Ton time-of-flight velocity measurements have previously been
demonstrated in low-density hypersonic air flows using electron
beam ionization of N, and an ion probe for detection of the ions.'
However, the use of an electron beam for the formation of N. :T limits
the technique to low-density air flows. Velocity has also been mea-
sured in UFs using laser induced gas breakdown for ionization in
a freejet'! and for determining azimuthal, axial, and radial velocity
components in a full-scale gas centrifuge.!? Thus, although the use
of an ion probe for velocity measurements using a TOF approach
has already been demonstrated, the present work is the first demon-
stration of a nitrogen LITOF technique. Use of a laser pulse for the
formation of the ions removes the limitations associated with the
use of an electron beam thereby becoming useful for a wide range
of velocity measurement needs.

Theoretical Background

The multiphoton laser-induced N ionization process was demon-
strated recently.'® In this experiment the excitation of N in atmo-
spheric air by the third harmonic of a Nd: YAG laser was observed
to result in an emission at 391.4 nm. This emission could not be ob-
served when irradiating pure O, with the same laser. The emission
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Fig.1 Energylevel diagram for the six photonionization of N2, adapted
from Ref. 14.

spectrum was analyzed spectroscopically and was determined to re-
sult from transitions in the B>S,” — X*3 band of N . Vibronic
transitions originating from v" = 0, 1, 2, 3, 4, and 5 were iden-
tified, with the most intense emission at 391.4 nm resulting from
the v¥ = 0 — v” = 0 transition. Energetically, six photons at
355 nm are required for the excitation of the B>Z} (v' = 8) level.
But, since the intensity of the 391.4-nm line was found to increase
quadratically with the incident pulse energy, a multiphoton ion-
ization process involving three intermediate two-photon steps (see
Fig. 1) was hypothesized.’® The total number of ions formed by
a 45-mJ laser pulse was estimated'® at ~107, corresponding to a
density of ~103/cm?. Thus, although the energy absorbed by each
ionized molecule exceeds 20 eV, the average energy deposited by
the laser beam in atmospheric air is less than 2 x 107> eV/molecule
resulting in a temperature rise of <1 K even if the entire ionization
energy were thermalized. Although the lifetime in the B2} elec-
tronic level is short relative to the laser pulse duration, the lifetime
at the X 2‘2;(1)” = 0) level is indefinite and is determined solely by
the charge recombination rate or by the charge transfer rate between
N; and other species of the flow such as O,.

In pure nitrogen, the primary mechanism for the removal of ions
is expected to be dissociative recombination through the following
reaction:

Nf +e” - N+N (1

Assuming that at any time the density of the ions is identical to
the density of the free electrons, the variation with time of the ion
density can be found by solving the rate equation. Thus, for an initial
density [N7](0), the density at time ¢ is

N7 1(0)

+ —
N2 1) = [NT1(OVkpt + 1

@)

where kp ~ 1.06 x 1079 cm?/s (Ref. 15) is the charge recombination
rate.

In air, the primary removal mechanism of N is by charge transfer
with O, through the following reaction'®:

N; +0; - N, +Of 3)

With a rate of 6.0 x 10~'! cm?®/s, at atmospheric conditions, most
of the charge is exchanged within a time that is short relative to
the duration of the laser pulse. Other components of atmospheric
air such as H,O and CO, may also participate in charge transfer
reactions with NJ. However, a further charge transfer between COJ
and O, at a rate of 107'° cm®/s (Ref. 17) and between H,O" and
OF atarate of 2 x 107'% cm?/s (Ref. 18) assures that the positive
charge transfer that is predicted by Eq. (3) is not inhibited. There is
no charge transfer between N and argon,'” also a major constituent
of atmospheric air. Although TOF measurements using an ion probe,
where only the charge and not its molecular identity is determined,
are not affected directly by this transfer mechanism, the identity of
the ion may influence the choice of spectroscopic options that may
be used for future measurements.

Similarly to the positive charges, the fate of the negative charges
depends on the gas constituents. In pure nitrogen the free elec-
trons are removed primarily by dissociative recombination with N,
[Eq. (1)]. In atmospheric air, free electrons are likely to attach to O,
which has an affinity of 0.46 eV for an attachment reaction.'® Typ-
ically, the attachment is controlled by a three-body collision where
the third body is needed for deactivation. For deactivation by Oa,
N,, and CO, the rates?® are 4.1 x 1073 cmb/s, 1 x 1073 ¢mb/s,
and 2.8 x 10730 cm®/s. Although higher order collisions were also
identified as contributing to the attachment reaction,?® the rates for
three-body recombination are by themselves sufficient to attach, at
atmospheric conditions, the entire population of free electrons to
O, within a time that is short relative to the duration of the laser
pulse. Thus, instead of a recombination with the relatively light free
electrons, charge recombination in air is controlled by molecular
collisions where all of the charges, positive and negative, are at-
tached to O,. Consequently, the charge recombination rate in air
is expected to be slower than the recombination in pure nitrogen.
Ultimately, the lifetime of the ions both in N, and air is determined
by the rate of charge recombination. Therefore, relatively long lived
ions can serve as tracers for TOF velocity measurement. With this
technique, ions are formed by the ionizing laser beam at a prescribed
location and are subsequently detected either spectroscopically or
by an ion probe at another location. The distance traveled by the
ions and the measured time are used to calculate the velocity.

Apparatus and Procedure

This nitrogen LITOF technique has been demonstrated using the
third harmonic of a Nd:YAG laser to form the ions and an electri-
cally biased probe for their detection. Velocity measurements were
obtained in air or nitrogen subsonic flows and also in the flame of a
commercially available propane fueled torch. Detection of the jons
with a probe allowed careful measurements of characteristics such
as the variation of ion density with the laser pulse energy, confirma-
tion of the charge recombination mechanism that controls lifetime,
the distances that can be traveled by the ions with the flow without
dissipation, or the velocity measurement limitations.

Figure 2 is a schematic of the experimental setup used for these
measurements. The third harmonic of a Q-switched Nd: YAG laser,

"
trigger
Q-switched
Nd:YAG reacting - propane torch
laser non-reacting - air / nitrogen
J
harmonic 1
generator i Yy T
harmonic {
separator focal L 77
beam
lens J, flow dump
. ]
< ﬂ , -
mirror ion probe

T - (shielded)
Cc DC Power R

[Oscilloscope supply
Armplifier (bias, Vp )

+y

+X

Fig. 2 [Experimental setup.
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operating at 10 Hz, was focused into a nominal diameter of 17 um.
To avoid gas breakdown, the third harmonic component was sepa-
rated from the first and second harmonics and limited to an energy
of 30 ml.

For measurements in cold flows, an ion probe consisting of a
stainless-steel shielded needle with just the metal tip exposed was
placed downstream of the focus of the laser beam on a three-axis
translation stage. The needle was aligned parallel to the fiow, thereby
providing an excellent spatial resolution nonetheless minimizing
perturbation of the flow. Furthermore, owing to its pointed shape,
the high-electrostatic field at the tip of the probe exceeded the field
at the tagged volume even after the removal of most of the laser-
induced free charges that survived recombination at the time of the
measurement (<10° charges). Also, owing to the capacitance of
the electronic system, attachment of <10° charges perturbed the
probe voltage by <0.001 V. For measurements in reacting flows,
the probe consisted of a platinum wire passing through an electri-
cally shielded ceramic tube with a section of 1 mm exposed. This
probe was placed normal to the main flow direction to assure that the
flow does not penetrate the gap between the probe and the ceramic
shield. In both measurements, the laser beam was passed normal to
the flow and upstream from the ion probe.

The nonreacting jet consisted of either air or nitrogen (99.998%
purity) flows exiting from a straight section of a stainless-steel tubing
with an exit diameter of 8.4 mm and a length to diameter ratio,
1/D = 45. With this ratio the velocity profiles appeared to be fully
developed. The total flow rate was determined independently by
measurement of pressure drop across a choked orifice. In addition
to its simplicity, this subsonic jet allowed velocity measurements
in situations that require relatively long TOF thereby affording an
accurate characterization of most of the ion properties. Furthermore,
since the lifetime of the ions is expected to be the primary limiting
parameter for this technique, measurements in subsonic flows are
likely to establish the velocity measurement limitations.

Measurements in reacting flows were demonstrated in the core
section of acommercially available propane air torch. For calibration
of the velocity measurements, a fuel flow rate of 1.04 g/min was
measured gravimetrically.

The detection circuitry consisted of a 360-pF capacitor, connected
in series, to the probe. This capacitor was used to transmit the
transient currents while isolating the electronic detection system
from the dc bias voltage. The current past the capacitor was passed
through a 110-K<2 load resistor. The voltage generated across this
resistor by the transient current was amplified and displayed on the
screen of a high-impedance storage oscilloscope triggered by the
Q-switch controller of the laser. Because of the pulsed nature of
this experiment and the relatively low number of charges available
for measurement (<10%), the system response was characterized
by the time constant which for this setup was relatively long (~5
us). However, it was short relative to the characteristic time of this
experiment which exceeded 100 us.

Results and Discussion

Figure 3 presents a typical oscillogram of the time-dependent
variation of the voltage across the load resistor for air flow when the
probe was negatively biased and placed at a distance of 3.8 mm
downstream from the laser focus. This is similar to previously
reported'” oscillograms obtained by the ionization of a hypersonic
air flow by an electron beam. In Fig. 3 two pulses can be noted.
The first pulse, which was detected almost simultaneously with the
incident laser pulse, decayed at a rate which was consistent with
the time constant of the system. The second pulse was delayed rel-
ative to the first pulse with the delay time increasing linearly with
the separation between the probe and the laser beam and also with
the velocity of the flow. Therefore, the second pulse could be at-
tributed to the laser-induced ions transported by the gas flow to the
probe. A flow velocity of approximately 50 m/s was determined
from measurements of this delay and of the separation between the
probe and the focus of the laser beam.

To determine the source of the initial pulse in Fig. 3, the variation
of its integrated area with the incident laser energy was measured.
A quadratic increase of the area of this pulse with laser energy
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Fig.3 Typical oscillogram of the time-dependent variation of the volt-
age across the load resistor for air when the probe is negatively biased.

was observed. This is similar to the previously reported'® quadratic
dependance between the density of the laser-induced N3 ions and
the incident laser energy. This result suggests that the magnitude of
this pulse is proportional to the initial density of the ions. In addition,
since it was recorded almost instantaneously it was associated with
electrostatic effects induced by the electric field of the probe. This
conclusion is supported by the absence of this initial pulse when the
probe is fully shielded!! or when the separation between the probe
and the ion source is large.!* Although in the present experiment
the initial pulse was consistently detected it was found to decrease
dramatically with separation between the probe and the focus of the
laser beam. At a distance of 1 mm between the needle probe and
the laser beam, the magnitude of this initial pulse was only 5% of
the magnitude at a separation of 0.3 mm. Thus, at separations in
excess of 1 mm the effect of this pulse on ion TOF measurements
is expected to be negligible. This initial pulse is also consistent
with the electron detection pulse that was observed in a previous
resonant-enhanced multiphoton ionization (REMPI) experiment?!
where a probe was used for the detection and measurement of the
density of NO. By translating the ion probe parallel to the laser
beam and monitoring the initial-pulse amplitude, the length of the
volume tagged by the laser-induced ionization was estimated to be
1.3 mm.

The previous experiment was repeated both in air and nitrogen
flows with the ion probe positively biased. In air flows the oscil-
lograms were similar to that in Fig. 3 with both the initial and the
delayed pulses present. The presence of the delayed pulse in air
flows when the probe is positively biased suggests that along with
the formation of NJ, a negative ion, possibly O7, is also formed.
This is consistent with the reported?® high-attachment rate of low-
energy electrons to O, which would result in the formation of O}
at a density comparable to the initial density of NJ within a time
that is comparable to the laser pulse duration. This hypothesis was
confirmed by conducting similar experiments in a pure N, flow.
When the probe was negatively biased, the oscillogram was similar
to those obtained in air. However, when the probe was positively
biased, only the initial peak due to the electrostatic effects occurred,
with no evidence of a transported ion peak.

Before this technique could be applied for velocity measurements,
the effect of the acceleration imparted on the ions by the electric field
of the probe had to be determined. Since the acceleration induced by
the probe depends on the probe geometry and the probe potential,
measurements were required both in the reacting and nonreacting
flows where different probe geometries were used. Figure 4 presents
the variation with probe voltage of the time of arrival of the ion pulse
in the propane torch flame, while maintaining the fuel flow rate and
the separation between the laser beam and the probe at 3.2 mm.
Clearly when the bias voltage exceeds 10 V, the probe potential
can significantly affect the ion flight time. Therefore, velocity mea-
surements using this probe were performed with a bias voltage of
5 V where potential induced acceleration is negligible. The effect
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Fig.4 Variation of the time of arrival of laser-induced ions in a propane
air flame with the probe bias veltage.

of the probe potential on the ion TOF in nonreacting flows, where
a needle tip probe oriented parallel to the flow was used, was less
pronounced. With a separation of 2.5 mm between the probe and
the laser beam, the effect of a probe voltage of 150 V on the ion
TOF was measured to be less than 5% for the velocity of the cur-
rent study. The relatively small effect of probe voltage on the ion
velocity, particularly when the pointed needle probe was used, is
an evidence that the electrostatic field decays rapidly away from
the probe. Therefore, the collection cross section of the probe is
determined primarily by its physical dimension. If a similar accel-
eration of 5% is imparted on the transverse velocity component, it
may be assumed that with the exception of that error ions not in-
tercepted directly by the probe are not collected. To measure the
effective dimensions of the collection cross section the probe was
traversed longitudinally and transversely to the laser beam while
monitoring the ion signal. Transversely the probe could be moved
approximately £1 mm from the beam centerline before the signal
was lost. Although the combined size of the probe and the beam are
<1 mm, turbulence may distort the shape of the ion line?? thereby
effectively increasing the collection cross section. Longitudinally to
the beam, the length of the probe volume was approximately 6 mm,
thereby suggesting that to be the length of the ionized volume.

Since the measurement of the velocity requires independent mea-
surements of the ion TOF and of the separation between the laser
beam and the probe, the resolution is ultimately limited by the
uncertainty in these measurements. In most applications, the er-
ror associated with the measurement of the TOF is expected to be
dominant, with the resolution of the velocity measurement limited
by the width of the transported ion pulse. To estimate the potential
of this technique for measurements in high-speed flows the variation
of the full width at half the maximum (FWHM) of the transported
ion pulse with flow velocity was determined. Figure 5 presents the
variation of the FWHM with ion TOF in air flow obtained by main-
taining the separation between the laser beam and the ion probe
constant although changing the flow velocity. It is seen that at low
velocities, i.e., at relatively long TOF, the FWHM of the ion pulse
increases linearly with the TOF. Such behavior is possible when the
width is controlled by the time required by the volume containing
the ions to sweep the exposed section of the probe. Thus, as the
velocity increases this time decreases thereby reducing the width
of the ion pulse. At higher velocities the FWHM appears to scale
with (TOF)**, approaching the detection circuit limiting time con-
stant at ¢ &~ 10 us. Thus, the measurement resolution is expected to
be limited at high-flow speeds by the time constant of the system.
For short flight times that are associated with high-flow speeds, ion
signals are significantly increased [Eq. (2)}, permitting reduction of
detection circuit time constant and, consequently, the widths of both
the initial peak and ion signal.

At low speed the velocity measurement using this technique is
limited primarily by the lifetime of the laser-induced ions. As the
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Fig. 6 Variation of the total ion signal with TOF in pure nitrogen flows.

delay between the formation of the ions and detection increases, the
number of the ions available for detection decreases [Eq. (2)] until
the induced signal falls below the background noise level. Thus, the
ion lifetime and the mechanism controlling it must be well defined.
To confirm the mechanism that controls the lifetime of the laser-
induced ions, the variation with TOF of the total ion charge detected
by the ion probe was measured. Figure 6 presents a logarithmic plot
of the detected ion signal in pure N, vs the flight time. It is seen that
when 1 > 35 us the variation of the detected ion density follows
a line with a slope of —1, which is predicted from Eq. (2) when
{NT1(0)kpr >> 1 whereas at shorter TOF the slope is more gradual,
also in agreement with Eq. (2). Similar behavior was also observed
for the variation of the detected ion signal in air vs the flight time.
The present results also suggested that ion signals are sufficient for
detection with an ion probe for flight times <600 us.

To demonstrate the potential of this technique, velocity profiles
were measured both in reacting and nonreacting flows. Figure 7
presents a series of velocity profiles obtained for a subsonic, turbu-
lent, freejet of air. The profiles were obtained at several locations,
x =1, 4, 6, and 8 tube diameters downstream from the exit plane. At
the shear layer, where the velocity was 4.5 m/s or less, the recorded
signal intensity of the ion pulse fell below the background noise
level. Theretfore, the dashed line on each of the velocity profiles in-
dicates the threshold for these velocity measurements. The velocity
measurement uncertainty due to uncertainties in the TOF measure-
ments is presented by the error bars. For comparison, an independent
measurement of the volumetric flow rate through a choked orifice
was obtained. This measurement compared within 10% with the
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Fig. 8 Velocity profile obtained by the ion TOF technique in the reac-
tion zone of a propane air torch.

numerically integrated velocity profile measured downstream from
the jet exit at x = 1D. The slight discrepancy can partially be at-
tributed to the entrainment of ambient air at the shear layer.

To evaluate this nitrogen LITOF technique in a reacting flow, it
was applied to a commercial propane/air torch. Figure 8 shows a
measured velocity profile obtained 24 mm downstream of the cir-
cular 13-mm-diam exit of the torch. No independent measurement
of the velocity was available. However assuming that the mixture of
fuel and air is stoichiometric and at a total temperature of 1500 K, a
fuel flow rate of 1.36 g/min was predicted from the integrated veloc-
ity profile. This compares well with the fuel flow rate of 1.04 g/min
that was measured gravimetrically.

Conclusions

A TOF technique for velocity measurements in nonreacting and
reacting air flows using laser-induced NJ tracers has been demon-
strated. An electrically biased ion probe was used for detection of the
ions. Measurement uncertainties due to electrostatic effects induced
by the probe field were determined to be small when the separation
between the probe and the laser beam exceeded 1 mm. Also, de-
pending on the probe geometry, acceleration of the ion by the probe
electrostatic field can be minimized by selection of sufficiently low-
bias voltage. Bias voltages of 5 V and 150 V were selected for the
probes in this experiment. In air flows, both positive ions, possibly
07, and negative ions, possibly O; , could be detected. On the other
hand, in pure nitrogen flows only positive ions were available for the
measurement. The measurement resolution was shown to be limited
by the FWHM of the detected ion pulse. However, as the velocity in-
creases the width of the pulse decreases until it is limited by the time
constant of the detection system. At low-flow speeds the measure-
ment is limited by the lifetime of the ions. At a delay of 600 us or

less the signal level was above the background noise level thereby
allowing effective velocity measurement. Velocity measurements
were successfully demonstrated in a turbulent subsonic freejet of
air and in the reaction zone of a propane-air torch. Velocities of
greater than 4.5 m/s were resolved and compared favorably with in-
dependent flow rate measurements. Nonintrusive ion interrogating
techniques, such as laser-induced fluorescence, may be considered
as an alterative for the ion probe detection.

Acknowledgment

This work was partiaily support by NASA Contract NAS1-19663
awarded to Candela Laser Corporation.

References

IDurst, F., Principles and Practices of Laser-Doppler Anemometry,
London, Academic Press, 1976.

2Grousson, R., and Mallick, S., “Study of Flow Pattern in a Fluid by
Scattered Laser Light,” Applied Optics, Vol. 16, Sept. 1977, pp. 2334-2336.

3Zimmermann, M., and Miles, R. B., “Hypersonic-Helium-Flow-Field
Measurements with the Resonant Doppler Velocimeter,” Applied Physics
Letters, Vol. 37, Nov. 1980, pp. 885-887.

“4Hiller, B., McDaniel, J. C., Rea, E. C., Jr., and Hanson, R. K., “Laser-
Induced Fluorescence Technique for Velocity Field Measurements in Sub-
sonic Gas Flows,” Oprics Letters, Vol. 8, Sept. 1983, pp. 474-476.

SPaul, P. H., Lee, M. P, and Hanson, R. K., “Molecular Velocity Imaging
of Supersonic Flows Using Pulsed Planar Laser-Induced Fluorescence of
NO,” Optics Letters, Vol. 14, May 1989, pp. 417-419.

6Klavuhn, K. G., Gauba, G., and McDaniel, J. C., “High-Resolution OH
LIF Velocity Measurement Technique for High-Speed Reacting Flows,”
AIAA Paper 92-3422, July 1992.

7Sontag, H., and Tam, A. C., “Time-Resolved Flow-Velocity and Con-
centration Measurements Using Traveling Thermal Lens,” Optics Letters,
Vol. 10, Sept. 1985, pp. 436-438.

8Miles, R., Cohen, C., Connors, I., Howard, P., Huang, S., Markovitz,
E., and Russell, G., “Velocity Measurements by Vibrational Tagging and
Fluorescence Probing of Oxygen,” Optics Letters, Vol. 12, Nov. 1987, pp.
861-863.

“Boedeker, L. R.. “Velocity Measurement by H,O Photolysis and Laser-
Induced Fluorescence of OH,” Optics Letters, Vol. 14, May 1989, pp. 473—
475.

H0Biitefisch, K. A.,and Vennemann, D., “Absolute Velocity Measurements
in a Rarefied Gas Flow by an Jon Time-of-Flight Technique,” Proceedings
of the 8th International Symposium on Rarefied Gas Dynamics, Academic,
New York, 1974, pp. 245-252.

UFeather, M. J., Krauss, R. H., and Scott, J. E., Jr., “Laser Ion Time-of-
Flight Velocity Measurements in Underexpanded Free Jets of UFg,” Pro-
ceedings of the 17th International Symposium on Rarefied Gas Dynam-
ics (Aachen, Germany), edited by A. E. Beylich, VCH-Verlagsgesselschaft,
1991, pp. 1049-1057.

2Krauss, R. H., Scoles, S. W., and Scott, I. E., Ir., “Velocity Measure-
ments of UFg Gas in Strong Rotation Using a Laser Ion Time-of-Flight
(LITOF) Method,” Proceedings of the 5th Workshop on Gases in Strong
Rotation, edited by H. G. Wood, Dept. of Mechanical and Aerospace Engi-
neering, Univ. of Virginia, 1983, pp. 43-54.

131 aufer, G., Krauss, R. H., and Grinstead, J. H., “Multiphoton lonization
of Ny by the Third Harmonic of a Nd:YAG Laser: A New Avenue for Air
Diagnostics,” Optics Letters, Vol. 16, July 1991, pp. 1037-1039.



RESS, LAUFER, AND KRAUSS: LASER ION TIME-OF-FLIGHT VELOCITY 301

181 ofthus, A., and Krupenie, P. H., “The Spectrum of Molecular Nitro-
gen,” Journal of Physical Chemistry Reference Data, Vol. 6, No. 1, 1977,
pp. 113-307.

15Von Engel, A., Ionized Gases, Chap. 6, Clarendon Press, Oxford, Eng-
land, UK, 1955.

16Ferguson, E. E., “Laboratory Measurements of Ionospheric Ion-
Molecule Reaction Rates,” Reviews of Geophysics and Space Physics, Vol.
12, Nov. 1974, pp. 703-713.

17Norton, R. B., Ferguson, E. E., Fehsenfeld, F. C., and Schmeltekopf,
A. L., “Ion-Neutral Reactions in the Martian Atmosphere,” Planerary and
Space Science, Vol. 14, No. 10, 1966, pp. 969-978.

18Fehsenfeld F. C,, Schmeltekopf, A. L., and Ferguson, E. E., “Thermal-
Energy Jon-Neutral Reaction Rates. VIL Some Hydrogen-Atom Abstraction

reactions,” Journal of Chemical Physics, Vol. 46, No. 7, 1967, pPp. 2802~
2808.

YPhelps, A. V., and Pack, J. L., “Collisional Detachment in Molecular
Oxygen ” Physical Review Letters, Vol. 6, No. 3, 1961, pp. 111-113.

OConway, D. C., “Attachment of Low-Energy Electrons to Oxygen,”

Journal of Chemical Physics, Vol. 36, May 1962, pp. 2549-2557.

2Cool, T, “Quantitative Measurement of NO Density by Resonance
Three-Photon Ionization,” Applied Optics, Vol. 23, May 1984, pp.
1559-1572.

22Mjles, R., Noullez, A., Wallace, G., Zhou, D., and Lempert, W.,
“Comparison of RELEIF Flow Tagging and Hot-Wire Velocimetry for
Fundamental Studies of Turbulent Free Jets,” AIAA Paper 94-0496, Jan.
1994.

[ﬁ‘ rom writing clerical procedures to nuclear power plant procedures....

Procedure Writing
Principles and Practices

Douglas Wieringa, Christopher Moore, and Valerie Barnes

this book provides step-by-step help!

Procedures are instruc-
tions, and this book ex-
plains how to write in-
structions so that others
can understand them.
Procedures can range
from simple to complex;
they describe anything

from booting up a per-
sonal computer to oper-
ating a nuclear power
plant during an emer-
gency. Plans, mission
statements, proposals,
and technical articles are
not procedures, although

Place your order today! Call 1-800/682-AIAA

parts of these documents
may be considered pro-
cedures if they present
instructions. No matter
how simple or complex
the procedure is, certain

1993, 211 pages, Paperback

principles govern the way
it should be written. The
authors drawontheirmore
than ten years of experi-
enceand present their prin-
ciples in this book.

ISBN 0-935470-68-9, $29.95, Order #: PPP-1(945)

Sales Tax: CA residents, 8.25%; DC, 6%. For shipping and handiing add $4.75 for 1-4 books (call
for rates for higher quantities). Orders under $100.00 must be prepaid. Foreign orders must be
prepaid and include a $20.00 postal surcharge. Please allow 4 weeks for delivery. Prices are
subject to change without notice. Returns will be accepted within 30 days. Non-U.S. residents
are responsible for payment of any taxes required by their government.

GAIAA.

American Institute of Aeronautics and Astronautics

. Publications Customer Service, 9 Jay Gould Ct., P.O. Box 753, Waldorf, MD 20604
; D FAX 301/843-0159 Phone 1-800/682-2422 8 a.m. - 5 p.m. Eastern

]




