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products of laser photolysis react with the surrounding O2 
to form the highly reactive hydroxyl (OH) radical, which 
then oxidizes the tracer. Overall, the current results indicate 
that under repetitive laser pulsing conditions (i.e., high-
speed imaging), the tracer-LIF measurement techniques 
can be considered intrusive unless the laser fluences are 
kept sufficiently low. The implications for turbulent flow 
measurements are discussed including recommendations 
for minimizing the intrusive repetitive pulsing effects.

1  Introduction

Laser-induced fluorescence (LIF) of tracer species or 
“tracer LIF” is a well-established and commonly used 
approach within the fluid mechanics and combustion fields. 
For tracer-LIF applications, a well-characterized fluoresc-
ing tracer is added to a non-fluorescing fluid and excited 
with a laser. The emitted light is collected and used to 
infer certain properties of the local fluid that depends on 
the relationship between the tracer signal intensity and 
the environment. For non-reacting fluid mechanics appli-
cations, various tracer-LIF approaches have been uti-
lized for monitoring mixing processes (Smith et  al. 1998; 
Picket and Ghandhi 2001; Su and Clemens 2003; King 
et  al. 1999; Collins and Jacobs 2002; Weber et  al. 2012; 
Cai et  al. 2011), temperature in convective or compress-
ible flows (Kearney and Reyes 2003; Shi et al. 2010; Lee 
et al. 1993; Thurber and Hanson 2001; Miller et al. 2013; 
Estruch-Samper et al. 2015; Gamba et al. 2015), and veloc-
ity (Koochesfahani and Nocera 2007; ElBaz and Pitz 2012; 
Danehy et  al. 2001, 2003; Zahradka et  al. 2016; Lempert 
et al. 2002; Handa et al. 2014; Reese et al. 2014), while for 
combustion environments, tracer-LIF approaches have been 
applied to monitor fuel concentration and mixture fraction 

Abstract  The effects of repetitive laser pulsing on laser-
induced fluorescence (LIF) signals from three popular 
organic flow tracers, acetone, 3-pentanone, and biacetyl 
are examined experimentally in the context of high-speed 
PLIF imaging. The effects of varying the incident laser flu-
ence, laser repetition rates, tracer mole fractions, and car-
rier gas (air or N2) are investigated. Repetitive laser pulsing 
leads to changes in the measured LIF signal as a function 
of laser pulse number for all three tracers. For biacetyl/air 
mixtures, the LIF signal increases as a function of pulse 
number and the LIF signal increase per pulse is observed 
to be a function of the incident laser fluence. For biacetyl/
air mixtures at room temperature, the increase in LIF sig-
nal during repetitive laser pulsing is attributed solely to 
absorptive heating of the probe volume, which is confirmed 
by Rayleigh scattering thermometry measurements. For 
acetone and 3-pentanone mixtures in the air, the LIF sig-
nal decreases with increasing pulse number and the LIF 
signal depletion per pulse is a linear function of incident 
laser fluence. This allows the signal depletion per pulse 
from acetone and 3-pentanone to be normalized by laser 
fluence and generalized to a single parameter of 0.002%/
pulse/(mJ/cm2). There is no discernable effect of varying 
the tracer mole fraction or the laser repetition rate over the 
range of values investigated. The substitution of N2 for the 
air as a carrier gas leads to a significant decrease in the sig-
nal depletion per pulse. The potential mechanisms for the 
enhanced signal depletion in the presence of oxygen are 
discussed. A likely source is “photo-oxidation”, where the 
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(Tait and Greenhalgh 1992; Frank et al. 1994; Sutton and 
Driscoll 2002, 2006, 2013; Degardin et  al. 2006; Galley 
et  al. 2011). In engines, Schulz and Sick (2005) provide 
a comprehensive review of various popular organic tracer 
species and tracer-LIF applications that typically include 
the monitoring of fuel/air ratios (Schulz and Sick 2005; 
Williams et  al. 2010; Blotevogel et  al. 2008; Smith et  al. 
2007) and local thermodynamic conditions such as tem-
perature (Schulz and Sick 2005; Löffler 2010; Rothamer 
et al. 2010, 2009; Fuyuto et al. 2006; Luong et al. 2008). 
The review by Schulz and Sick (2005) also provides a 
comprehensive description of the governing photophys-
ics and details concerning the temperature-, pressure-, and 
mixture-dependence of the LIF signals from the tracer 
molecules.

The most common fluorescent tracers include 
ketones, such as acetone (CH3COCH3), 3-pentanone 
(C2H5COC2H5), and biacetyl (CH3COCOCH3); aldehydes, 
such as acetaldehyde (CH3CHO); and aromatic hydrocar-
bons, such as toluene (C7H8). For each of these species, 
laser excitation typically occurs in the ultraviolet (UV) 
regime with red-shifted detection occurring in the UV and 
visible spectral regions. Because the organic molecules 
are larger polyatomic species, there is a high density of 
states and subsequently a broadband absorption spectrum 
in the UV region. This feature allows the use of common 
low-repetition-rate pulsed laser sources including the third- 
(355 nm) and fourth-harmonic (266 nm) output of Nd:YAG 
lasers and excimer lasers at 248, 308, and 351  nm. The 
combination of the standard laser sources and red-shifted 
emission/light collection, which allows simple spectral sep-
aration of laser light and fluorescence, has made the afore-
mentioned tracer species not only popular but extensively 
characterized for their use in fluid, combustion, and engine 
environments.

Because of its high vapor pressure (185 Torr at 293 K; 
boiling point = 329.25  K) acetone is an ideal tracer for 
gas-phase environments. Following the initial demonstra-
tions in isothermal, isobaric environments from Lozano 
et  al. (1992) and Lozano (1992), the number of studies 
utilizing acetone PLIF have become too numerous to cite 
with applications ranging from quantitative scalar mixing 
measurements in canonical flows (i.e., free shear flows such 
as jets) to practical situations, including engine environ-
ments. The attractiveness of acetone as a tracer for quan-
titative measurements has led to detailed investigations of 
the tracer’s properties, including its temperature- and pres-
sure dependence (Großmann et al. 1996; Yuen et al. 1997; 
Thurber et al. 1998; Thurber and Hanson 1999; Koch et al. 
2004, 2008; Wermuth and Sick 2005; Braeuer et al. 2006). 
Detailed, multi-step photophysics models of acetone fluo-
rescence yield have been presented (Thurber et  al. 1998; 
Koch et al. 2008, 2004; Wermuth and Sick 2005; Braeuer 

et al. 2006) and used to determine species concentrations, 
temperature, and pressure from various acetone LIF experi-
ments. More recently, 3-pentanone has become a popular 
ketone tracer, primarily under high-temperature, engine 
conditions (Rothamer et  al. 2009, 2010; Großmann et  al. 
1996; Koch et  al. 2004, 2008; Wermuth and Sick 2005; 
Braeuer et al. 2006; Cheung and Hanson Wermuth and, b; 
Modica et al. 2007). Various measurement strategies have 
been used for monitoring temperature and concentrations, 
and similar to acetone, detailed temperature and pressure 
dependences and photophysics models of 3-pentanone 
fluorescence yield have been developed (Großmann et  al. 
1996; Koch et al. 2004, 2008; Cheung and Hanson 2012a, 
b; Modica et al. 2007).

Biacetyl is another aliphatic hydrocarbon fluorescent 
tracer with extensively studied photophysics and favorable 
spectroscopic properties [see Schulz and Sick (2005) for 
comprehensive listing)]. Biacetyl has an absorption spec-
trum that is divided into two bands: one ranging from 210 
to 325 nm and a second ranging from 350 to 480 nm. The 
second absorption band allows access with near-visible and 
visible lasers as compared to the necessary UV excitation 
for acetone and 3-pentanone tracers. However, biacetyl has 
a low room-temperature vapor pressure that prohibits its 
use under many applications, and as pointed out by Schulz 
and Sick (2005), biacetyl can suffer from instability prob-
lems and exhibits a strong odor. All of these facets may 
contribute to the lessened popularity as compared to other 
tracers. Nevertheless, biacetyl has been used as a tracer in 
many “practical” environments, with the primary applica-
tion being fuel concentration imaging in engine environ-
ments (Smith et al. 2007; Baritaud and Heinze 1992; Des-
champs et al. 1994; Smith and Sick 2005a, b; Fajardo et al. 
2006; Peterson and Sick 2009; Cundy et  al. 2009). While 
biacetyl has been used quite extensively, its temperature- 
and pressure dependences are not well documented with 
only a few studies characterizing temperature and pressure 
sensitivity under select operating conditions (Wermuth and 
Sick 2005; Heicklen 1959; Guibert et al. 2002, 2006).

The majority of tracer-LIF measurements have been per-
formed at low-repetition rates, where the high laser pulse 
energies are quite beneficial to overcome low quantum 
yield of the tracer’s fluorescence process. The combina-
tion of high laser pulse energies and low-repetition rates 
also allows the use of ultra-low-noise and high quantum 
efficiency scientific CCD cameras, thus greatly increasing 
measurement resolution and signal to noise. More recently, 
the emergence of high-speed lasers (i.e., diode-pumped 
solid state or DPSS lasers) and high-framing-rate cam-
eras has facilitated the possibilities of kHz-rate tracer-LIF 
measurements. The first applications of high-speed tracer 
LIF included the work of Sick et al. (2007), Smith and Sick 
(2005a, b), Fajardo et al. (2006), Peterson and Sick (2009), 
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Cundy et al. (2009) who utilized biacetyl as a tracer in jet 
flows and engine environments. Crank-angle resolved fuel 
concentration measurements in engines (Smith et al. 2007; 
Smith and Sick 2005a, b; Cundy et  al. 2009) and simul-
taneous scalar/velocity fields in jets and engines (Fajardo 
et al. 2006; Peterson and Sick 2009) were facilitated with 
planar laser-induced fluorescence (PLIF) measurements 
of biacetyl. Excitation of the biacetyl tracer at repetition 
rates ranging from 4.8 to 12 kHz was performed using the 
355-nm output of DPSS Nd:YAG laser with pulse ener-
gies <  0.5  mJ, while the PLIF signal was captured using 
high-speed intensified CMOS cameras. The first quantita-
tive tracer-LIF measurements were reported by Gordon 
et al. (2009) who used kHz-rate acetone PLIF to measure 
mixture fraction in an unsteady jet. Subsequently, there 
have been several applications of high-speed imaging stud-
ies using flow tracers in jets, engines, and flames; some 
examples of which include (Weinkauff et al. 2015; Cundy 
et  al. 2011; Peterson et  al. 2013, 2014). An interesting 
result of the study of Gordon et al. (2009) included some 
comparisons of signal-to-noise ratio (SNR) and gradient 
blurring with and without high-speed image intensifiers. 
Because the output energy from commercial high-speed 
lasers is somewhat low, high-speed (two-stage) image 
intensifiers become necessary under many situations to 
boost signal for low-light applications. Gordon et al. (2009) 
showed blurring of the measured scalar gradient and rec-
ommended measurements to be conducted without image 
intensifiers when possible. The work by Papageorge et al. 
(2013) also has shown the effects of the use of high-speed 
image intensifiers on quantitative scalar measurements, 
both in terms of gradient blurring, noise effects, and degra-
dation of spatial resolution.

A possible way to circumvent the use of high-speed 
image intensifiers is to increase the number of collected 
photons which can come from an increase in the incident 
laser fluence (energy/area). Irrespective of whether a high-
speed image intensifier can be bypassed, an increase in 
laser fluence can yield an increase in collected signal (and 
corresponding SNR) as the fluorescence signal is directly 
proportional to laser fluence (in the absence of saturation or 
dissociation effects). While the output of commercial DPSS 
lasers is continually increasing, the recent emergence of 
pulse burst laser systems (Papageorge et al. 2013; Thurow 
et al. 2004; Fuest et al. 2012; Slipchenko et al. 2012) offers 
the opportunity to generate substantial individual pulse 
energy over a finite “burst” of pulses. For example, Miller 
et  al. (2013a) generated 15 mJ/pulse at 266 nm and dem-
onstrated 10-kHz acetone PLIF imaging in the potential 
core of a non-reacting jet without the need for an image 
intensifier. More recent work by Halls et  al. (2016) dem-
onstrated the generation of ~80 mJ/pulse at 266 nm using 
a pulse burst laser system. Previous work by the present 

authors using the high-energy pulse burst laser (HEPBLS) 
demonstrated approximately 1 Joule/pulse at 532  nm and 
10 kHz (McManus et al. 2015; Papageorge et al. 2014). As 
will be discussed in the following, this same system leads 
to 266-nm pulse energies exceeding 145 mJ at 10 kHz. This 
level of pulse energy is comparable to that obtained with 
the conventional low-repetition-rate Q-switched laser sys-
tems and offers an avenue not only to bypass the need for 
an image intensifier for planar measurements but to per-
form tracer-PLIF measurements with low seeding ratios 
(negligible absorption effects) and still achieve high SNR 
and spatial resolution.

It is noted that even for low-repetition-rate measure-
ments (where each volumetric element of tracer fluid has a 
single interaction with the laser probe), higher laser fluence 
values can pose potential problems due to saturation and/or 
photolytic effects. In this manner, one must carefully con-
sider the implications for multiple interactions of the tracer 
fluid with the exciting laser that happens under high-repeti-
tion-rate measurements. Two previous studies have investi-
gated the effects of repetitive laser pulsing on targeted 
measurements. Brusnahan et al. (2013) investigated poten-
tial heating by high-repetition-rate laser measurements on 
surfaces and alterations of the local gas-phase environment. 
Laser powers up to 63.4 W using a DPSS Nd:YLF laser at 
2.4  kHz led to modest surface heating effects, but more 
importantly, the surface temperatures were found to be 
directly proportional to the incident laser power. These 
results indicate that further increases in laser power may 
lead to significant heating effects and possibly change 
boundary layer flow properties due to the change in the 
local thermodynamics. The effects of repetitive pulsing 
(using a pulse burst laser) on laser-induced incandescence 
(LII) measurements in flames were investigated by Michael 
et al. (2015). It was found that the LII signals were sensi-
tive to changes in soot characteristics at high fluence under 
multi-kHz excitation. Lower laser fluence was required to 
avoid repetitive probe effects and extract quantitative soot 
measurements. These studies lead to questions of potential 
intrusive effects of repetitive laser pulsing during high-
speed laser-based measurements; that is, the loss of the 
implicitly assumed and often touted “non-intrusive”1 nature 
of laser-based diagnostics. In this manuscript, we examine 
the effects of repetitive laser pulsing on measured LIF 

1  The assertion that laser diagnostics are completely “non-intrusive” 
only is an approximation. In the majority of fluid dynamic applica-
tions, the laser-matter interaction results in minimal intrusion that is 
acceptable to the user in terms of its influence on the fluid-thermo-
chemical state immediately prior to the arrival of the laser pulse. In 
this manuscript, we refer to this situation as “non-intrusive”. The con-
dition where noticeable laser-induced effects occur is referred to as 
“intrusive”.
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signals from three popular tracers (acetone, 3-pentanone, 
and biacetyl) with a particular focus on the effects of inci-
dent laser fluence and the implications for quantitative sca-
lar measurements.

2 � Experimental details

The complete experimental configuration for investigating 
the effects of repetitive laser pulsing on tracer-LIF meas-
urements consists of two primary systems: (1) the tracer 
seeding and monitoring system and (2) the laser and imag-
ing system. Each of these systems is comprised of multi-
ple subsystems and components, as shown in Fig.  1 and 
described in detail in the following.

2.1 � Tracer seeding and monitoring system

The tracer seeding system is designed to deliver a wide vari-
ety of volatile liquid tracers to gaseous carrier streams over 
a wide variety of flow rates and volumetric seeding ratios 
with high precision and accuracy. The seeding system con-
sists of a carrier gas stream (air or N2), a liquid pump, and an 
inline heating and temperature control system, as indicated in 
Fig. 1. Air is supplied from a high-pressure facility line and is 
filtered through three particle filters to ensure high purity; N2 
(99.998% purity) is supplied from compressed gas cylinders. 
The carrier gas flow rate is controlled by a mass flow control-
ler (Alicat MCR250), which is user-calibrated with a laminar 

flow element. The tracer liquid pump is a micro-suction gear 
pump (Isamatec ISM901B) with a volumetric flow range of 
0.85–85  mL/min and a manufacturer’s stated accuracy of 
±0.5% over the full range of flow rates. As shown in Fig. 1, 
the tracer liquid and carrier gas are mixed together in a long, 
3-m, 12.5-mm-diameter tube. To counter the effects of evap-
orative cooling as the tracer changes from liquid phase to gas 
phase, the mixing tube is heated and temperature controlled. 
The temperature control system is combination of a cascade 
PID control and high-power heating tape that is wrapped 
around the mixing tube. The temperature of the carrier gas/
tracer mixture is measured using a type-K thermocouple in a 
settling chamber downstream of the mixing tube. To ensure 
complete evaporation, the set point of the carrier gas/tracer 
mixture was set to 300 K and was found to be held within 
±0.5 K after a 15-min transient warmup period.

The carrier gas/tracer mixture is then sent to an optically 
accessible “tracer monitoring cell” or TMC for a direct and 
in  situ measurement of the tracer concentration (mole frac-
tion). The TMC is a flow-through design, where the carrier 
gas flow rate is fixed at 21.3 SLPM and the liquid tracer 
flow rate is adjusted to yield the targeted seeding mole frac-
tion. The TMC is 115 mm long with a 25-mm inner diam-
eter. One 50-mm-diameter calcium fluoride (CaF2) window is 
mounted on each end for optical measurements of the tracer 
seed concentration. The tracer monitoring system is based on 
a direct absorption measurement at 3.39 µm using a 2-mW 
frequency-stabilized continuous wavelength (CW) infrared 
(IR) He–Ne laser (Newport Model R-32172). The 3.39 µm 
output of the He–Ne laser is absorbed by the C–H bonds in 
the various organic tracers, facilitating a straight forward, but 
highly accurate concentration measurement. Before entering 
the TMC, the IR beam is “chopped” using an optical chop-
per wheel at 800 Hz with a 50% duty cycle to avoid satura-
tion of the detectors and split into two paths using a 50:50 
beam splitter (BS-50). The first leg of the 3.39-µm beam is 
sent directly into a photodiode (PD1), which serves as a refer-
ence measurement, while the remainder of the beam travels 
through the TMC and then is measured by a second photodi-
ode (PD2). The reference measurement is used to account for 
any variation in laser power throughout the measurement pro-
cess. The two detectors (PD1, PD2) are amplified lead sele-
nide (PbSe) photodiodes (Thorlabs PDA-20H) that are sensi-
tive from 1.5 to 4.8 µm. The signal from the two photodiodes 
is collected using a digital oscilloscope (LeCroy Waverun-
ner 104 MXi; 10 Gs/s, 1 GHz analog bandwidth). Using the 
Beer–Lambert law, the mole fraction of the tracer (Xtracer) is 
determined from

(1)Xtracer =

−ln
(

IPD2

Io
PD2

Io
PD1

IPD1

)

L�(�)

RuT

P

Fig. 1   Experimental setup for investigating the effects of repetitive 
laser pulsing on tracer-LIF signals. The setup consists of two primary 
systems: (1) tracer seeding and monitoring system and (2) optical and 
imaging system
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where I/Io is the ratio of the transmitted to incident inten-
sity, subscripts “PD1” and “PD2” refer to the signals col-
lected on detectors PD1 and PD2, respectively, L is the 
path length of the absorption cell, �(�) is the frequency-
dependent absorption cross section, Ru is the universal gas 
constant, T is the temperature, and P is the pressure. As an 
example of the accuracy and precision of the tracer seeding 
and monitoring system, Fig. 2 shows a sample 1500-s (25-
min) trace (solid black line) of measured acetone mole frac-
tion with a targeted seeding mole fraction of 0.04. Figure 2 
shows that the tracer seeding system was extremely stable 
with a relative standard deviation of 0.38% over 1500 s and 
a maximum fluctuation of 1.6% from the mean (shown as 
red dashed line). Similar stability is noted for the full range 
of seeding levels considered in this study.

2.2 � Laser and imaging system

As discussed in Sect. 2.3, two sets of experiments are per-
formed in this study: (a) LIF imaging targeted to under-
stand effects of repetitive laser pulsing on the collected 
signal and (b) Rayleigh scattering thermometry imaging to 
investigate local heating effects under repetitive laser puls-
ing. The optical system consists of (1) two laser systems 
including the high-energy pulse burst laser system (HEP-
BLS) outputting 266 and 355  nm for kHz-rate tracer-LIF 
measurements and a high-speed, 80-W commercial diode-
pumped solid-state (DPSS) laser (Edgewave IS80-2-LD) 
operating at 532  nm for kHz-rate 1D Rayleigh scattering 
thermometry measurements, (2) two high-framing-rate 
CMOS cameras, (3) high-speed pulse energy monitoring 
systems, and (4) an optically accessible “static” measure-
ment cell (MC) for LIF and Rayleigh scattering thermom-
etry monitoring under targeted and controlled conditions.

The HEPBLS is a master oscillator, power ampli-
fier (MOPA) system, where the output of a continuously 

operating pulsed, single-frequency fiber laser is amplified 
in a series of five custom flashlamp-pumped amplifiers. The 
HEPBLS has been described in previous texts (Papageorge 
et al. 2013, 2014; Fuest et al. 2012; McManus et al. 2015), 
so only recent modifications and UV pulse generation are 
described here. The HEPBLS is a dual-leg system (i.e., two 
independent outputs) that can operate from 5 to >1000 kHz 
with burst durations exceeding 25  ms and fundamen-
tal (1064-nm) output that exceeds 2.25  J/pulse per leg at 
10 kHz. For the current work, repetition rates ranging from 
5 to 20 kHz and burst durations up to 20 ms are considered. 
The second-harmonic (532  nm) output is generated by 
passing the pulse train through a single 12 × 12 × 20  mm3 
type I LBO crystal. The third-harmonic output (355 nm) is 
generated by sending the 1064- and 532-nm output through 
a dual-wavelength (1064 + 532 nm) waveplate and through 
a single 12 × 12 × 20 mm3 type I LBO crystal. The fourth-
harmonic output (266  nm) is generated from the 532-nm 
output using a 12 × 12 × 2  mm3 type I BBO crystal. The 
thin BBO crystal was selected based on the protocol pre-
scribed by Wu et al. (2000) for high-power 266-nm genera-
tion, which minimizes longer term energy drifts and burst-
to-burst energy fluctuations. 266-nm pulse energies as high 
as 145 mJ are achieved from ~800 mJ/pulse at 532 nm at 
10 kHz, representing a conversion efficiency of ~17%. As 
an example of the potential application of the HEPBLS 
UV output capabilities, Fig. 3 shows an example set of five 
sequential high-resolution acetone PLIF images acquired 
at 10 kHz and 70 mJ/pulse from a Re = 10,000 turbulent 
jet at an axial position of x/d = 10, where d is the jet noz-
zle diameter. The images are extracted from a longer 15-ms 
(150 sequential images) sequence, and because of the high 
266-nm pulse energy, only a high-speed CMOS camera is 
needed (no image intensifier) for acquisition.

Following the optical schematic in Fig. 1, the UV output 
(266 or 355 nm depending on the tracer) of the HEPBLS 
is formed into a 25-mm-tall  ×  0.25-mm-thick laser sheet 
using the combination of an f  =  −300  mm focal length 
cylindrical lens and an f = 750 mm focal length spherical 
lens (CLN + SL). After the SL, an optical flat (OF-UV) is 
used to pick off a small fraction of the UV laser pulses that 
is directed to a high-speed energy meter (EM, Ophir PE10-
C). The vertically polarized output of the DPSS laser, as 
directly outputted from the laser head, is 8 × 1.6 mm, which 
represents an aspect ratio of 5:1. Using a combination of 
cylindrical lenses, the beam aspect ratio is changed to 1:1 
and focused into the test section using an f = 750 mm focal 
length spherical lens (SL) with a 180 µm (FWHM) spot 
size. Following the SL, an optical flat is used to pick off 
a small fraction of the 532-nm beam that is directed onto 
a flat white notecard, where a high-speed CMOS cam-
era (Vision Research Phantom V711), labeled “E Cam”, 
images the portion of the beam reflecting off of NC, for 

Fig. 2   Measured acetone mole fraction as a function of time (solid 
line) with a targeted value of 0.04. The dashed line shows the average 
measured acetone mole over the 1500-s measurement period



	 Exp Fluids (2017) 58:40

1 3

40  Page 6 of 21

relative pulse-to-pulse 532-nm laser energy monitoring. 
After each of the two optical flats, the UV laser sheet and 
the 532-nm laser beam are combined using a dichroic mir-
ror (DM). The UV laser sheet and 532-nm laser beam are 
spatially overlapped using the combination of two high-
precision micrometer mounts [placed on the DM and one 
532-nm mirror (M)] and the “knife-edge” method, which 
leads an overlap which is within <30 µm at the measure-
ment location.

After flowing through the TMC, the carrier gas/tracer 
mixture is sent to the optically accessible MC for LIF and 
Rayleigh scattering measurements. The MC is 260  mm 

long with a 48-mm inner diameter and is outfitted with 
three 50-mm-diameter UV fused silica windows. Two 
windows are mounted at each end for laser entry and exit 
and a third viewing window is mounted normal to the opti-
cal axis between the entrance and exit windows for imag-
ing access. The kHz-rate PLIF and Rayleigh scattering 
images are acquired using a high-speed CMOS camera 
(Vision Research Phantom V711), labeled “Cell Cam” in 
Fig. 1. For the first set of experiments, only the UV laser 
sheet is operated and only PLIF images are acquired. For 
the second set of experiments, both the UV laser sheet and 
the 532-nm laser are operated simultaneously, but only 
Rayleigh scattering thermometry images are acquired. For 
the PLIF measurements, the “Cell Cam” is outfitted with 
an f = 85  mm  f/1.4 Nikon camera lens and a magnifica-
tion of 0.24, such that each pixel has a projected size of 
85  µm  ×  85  µm. For all measurements, a frame size of 
480 × 480 pixels is used, which results in a field-of-view of 
41 mm × 41 mm, which spans the entirety of the useable 
portion of the MC viewing window. For the 1D Rayleigh 
imaging measurements, the “Cell Cam” is used in conjunc-
tion with the combination of a large 210-mm focal-length, 
f/2.1 acromat lens, and a 50-mm focal length f/1.2 Nikon 
camera lens. By combining the acromat with the standard 
camera lens, the signal collection is maximized for the 
experimental magnification of 0.22 which leads to a pro-
jected pixel size of 90 µm × 90 µm. For the 1D Rayleigh 
measurements, a frame size of 512 pixels in the horizontal 
(beam propagation) direction and 16 pixels in the vertical 
(normal to the beam propagation) direction is used. Only a 
small number of pixels are necessary in the vertical direc-
tion due to the quasi-1D nature of the Rayleigh scattering 
“line imaging”.

2.3 � Data collection and processing

For the tracer-PLIF measurements, three of the most 
common tracers, acetone (CH3COCH3), 3-pentanone 
(C2H5COC2H5), and biacetyl (CH3COCOCH3), are investi-
gated. Table 1 summarizes the various test parameters con-
sidered in this study. For measurements at 5 and 10 kHz, 
the HEPBLS is operated for a burst duration of 20  ms 
(100 pulses at 5 kHz and 200 pulses at 10 kHz), while for 
the 20-kHz measurements, the HEPBLS is operated for a 
burst duration of 10  ms (200 pulses). Figure  4 shows an 

Fig. 3   Sample 10-kHz acetone PLIF image sequence from a turbu-
lent jet operating at Re = 10,000. Images are acquired using 70 mJ/
pulse at 266 nm. Field-of-view for each image is 11 mm × 33 mm

Table 1   Operating parameters

All tests were performed at ambient conditions; P = 1 atm, T = 296 K

Species λexc (nm) Rep. rate (kHz) Fluence (mJ/cm2) Mole fraction Carrier gas

Acetone 266 5, 10, 20 13, 67, 133, 190, 266 0.02, 0.04, 0.08 Air, N2

3-Pentanone 266 10 67, 266 0.035 Air
Biacetyl 355 10 133, 400 0.015 Air
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example 355-nm pulse energy trace at an average energy 
of 30 mJ/pulse (F = 400 mJ/cm2) and an example 266-nm 
pulse energy trace at an average energy of 10 mJ/pulse (F 
= 133 mJ/cm2) used in the current study. The single-burst 
relative standard deviation is 7% for the 355-nm output 
and 10% for the 266-nm output. It should be noted that 
while the measurements performed in this study utilize a 
pulse burst laser, the results presented in the manuscript 
are applicable for any high-speed tracer-LIF measurement, 
independent of the type of laser source (i.e., pulse burst or 
DPSS laser). The pulse burst laser is a convenient source 
for generating high pulse energies, which allows a thorough 
investigation over a broad range of laser fluence values.

For the high-speed 1D Rayleigh scattering thermometry 
measurements, the UV output from the HEPBLS and the 
532-nm output from the DPSS laser are operated synchro-
nously. The timing of the two laser systems is set, such that 
532-nm output from the DPSS laser arrives at the test sec-
tion 2 µs after the corresponding UV pulse from the HEP-
BLS to avoid signal interference on the Rayleigh scattering 
measurements from PLIF emission, since a spectral por-
tion of the fluorescence emission occurs at 532 nm for all 
tracers considered. The Rayleigh scattering measurements 
are performed at 10 kHz in the tracer/carrier gas mixtures 
with and without the HEPBLS output to provide a neces-
sary normalization [see Eq.  (3)] and to ensure that that 
any observed effects are due to the presence of the repeti-
tive UV laser pulses. For these measurements, the HEP-
BLS burst duration is 20  ms, leading to 200 consecutive 
UV laser pulses. The DPSS laser operates continuously, 
so the high-speed camera is timed, such that 50 images are 
recorded immediately prior to the arrival of the first HEP-
BLS UV laser pulse and 50 pulses are recorded immedi-
ately after the arrival of the last HEPBLS UV laser pulse 
resulting in 300 consecutive Rayleigh scattering images. 
The 50 images before the HEPBLS burst allow a tempera-
ture measurement immediately before repetitive UV excita-
tion and the 50 laser pulses after the HEPBLS burst allow a 

temperature measurement after the conclusion of repetitive 
UV excitation.

For investigating the effects of repetitive laser pulsing on 
the tracer LIF signal in a controlled manner, it is desired 
to excite each fluid element with the same number of 
laser pulses. This is best accomplished with a “static” (no 
flow) carrier gas/tracer mixture in the MC for each burst 
of laser pulses. A bypass line is built into the MC to allow 
the seeding system to operate continuously and constantly 
flow the carrier gas/tracer mixture while sealing the MC 
for the measurements, which stagnates the flow inside of 
the MC. For all measurement cases, 50 bursts of pulses are 
collected. A burst is collected every 30  s, where follow-
ing each burst, the MC is opened and the flow is re-routed 
from the bypass line and flows through the cell for 10  s. 
The flowrate of the tracer/carrier gas mixture represents 
ten flow-through times for the 10-s period. This allows the 
previously “excited” tracer/carrier gas mixture to be purged 
and replaced with a new tracer/carrier gas mixture. Subse-
quently, the MC is sealed again and the mixture is allowed 
20 s to settle within the MC.

Data processing consists of several steps to ensure accu-
rate results but differs slightly between the PLIF measure-
ments and the Rayleigh thermometry measurements. For 
the PLIF measurements, the first data processing step con-
sists of removing an average sensor background image (per 
burst) from each frame of the burst sequence to remove 
the effects of dark current signal from the camera. This is 
accomplished by collecting an additional 50 images on the 
high-speed camera beyond the end of the HEPBLS out-
put. Second, the measured PLIF signal is integrated over 
all camera sensor rows representing the height of the laser 
sheet (295 rows) and averaged over a 325-pixel region 
resulting in a single characteristic signal per image. Third, 
each signal is corrected by the pulse energy measured with 
the high-speed energy meter (EM). Figure 4 gives an indi-
cation of the level of the pulse-to-pulse energy fluctuation 
within a single burst. Fourth, each energy-corrected sig-
nal is averaged over the 50 pulse bursts to yield an average 
fluorescence signal per pulse number. Finally, each average 
signal as a function of pulse number is normalized by the 
average signal of the first pulse in the burst (t = 0).

For the Rayleigh scattering measurements, the first data 
processing step consists of removing an average sensor 
background image to remove the effects of dark current 
signal from the camera. The average background is deter-
mined by averaging a set of 300 images collected with both 
the HEPBLS and DPSS lasers off immediately before and 
after the 50 data bursts are collected. The second data pro-
cessing step consists of integrating the measured Rayleigh 
scattering over all camera sensor rows representing the 
height of the laser beam (six rows). The third data reduc-
tion step involves correcting for pulse-to-pulse laser energy 

Fig. 4   Example 355-nm pulse energy trace at an average energy of 
30 mJ/pulse or fluence, F = 400 mJ/cm2 (solid blue line) and example 
266-nm pulse energy trace at an average energy of 10 mJ/pulse and 
fluence, F = 133  mJ/cm2 (solid black line). The dashed lines show 
the average pulse energy for each trace
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fluctuations using the “E-Cam” measurement of the refer-
ence signal. The fourth data reduction step consists of com-
puting a gas temperature for each pulse within the burst. 
The measured Rayleigh scattering signal can be written as

where A is a constant describing the collection efficiency 
of the optics, Io is the incident laser intensity, N is the gas 
number density, and σmix is the mixture-averaged Rayleigh 
scattering cross section. Using the ideal gas law (N = P/kT; 
P = pressure, k = Boltzmann constant) and the considera-
tion of constant pressure and composition, the temperature 
is determined by

where Sref is a reference Rayleigh scattering signal meas-
ured from the tracer/carrier gas mixture without the HEP-
BLS pulses present at a reference temperature, Tref (295 K). 
Sref is determined from the average of ten 300-image bursts 
collected using the same “purge and refill” procedure 
described above for the thermometry measurements in the 
presence of the repetitive UV excitation pulses. The final 
data reduction steps consist of averaging each temperature 
(as a function of pulse number) over the 50 bursts.

3 � Results and discussion

3.1 � Acetone, 3‑pentanone, and biacetyl: influence 
of laser fluence

This section examines the influence of varying the incident 
laser fluence on observed repetitive laser pulsing effects for 
all three tracers. Acetone (CH3COCH3) and 3-pentanone 
(C2H5COC2H5) results are reviewed together as their pres-
sure- and temperature-dependent fluorescence behavior 
have been shown to be very similar (Koch et al. 2004, 2008 
; Wermuth and Sick 2005; Cheung and Hanson 2012a, b; 
Modica et al. 2007).

Figure 5 shows results for the average fluorescence sig-
nal (Sfl) of an acetone/air mixture as a function of pulse 
number for a range of laser fluence values varying from 
13 to 266 mJ/cm2, which are all within the linear fluores-
cence regime based on previous work reported within the 
literature (Lozano 1992). For these measurements, the ace-
tone mole fraction is held constant at 0.04, the repetition 
rate of the laser is 10 kHz, and the results are normalized 
by the average fluorescence signal from the first 266-nm 
laser pulse, denoted as Sfl (t = 0). The results show that for 
all laser fluence values considered, there is a decrease in 
measured fluorescence signal with increasing number of 
consecutive laser pulses and the level of signal depletion 

(2)SRAY = AIoN�mix

(3)T = Tref

(
Sref

SRAY

)

from repetitive laser pulsing increases with increasing laser 
fluence. For the lowest laser fluence considered (13  mJ/
cm2), the signal depletion after 100 pulses (averaged over 
50 pulse bursts) is approximately 3% or 0.03% per pulse. 
For laser fluences of 66, 133, and 266  mJ/cm2, the aver-
age signal depletion after 100 consecutive laser pulses is 
14, 26, and 48%, respectively. This corresponds to a signal 
depletion per pulse (SDPP) of 0.14, 0.26, and 0.48% for the 
66, 133, and 266 mJ/cm2 cases, respectively. As a point of 
comparison, the SDPP can be considered as an approxima-
tion of the level of “signal loss” that would be observed in 
previous acetone PLIF studies at low-repetition rates. Since 
the SDPP levels are less than 1%, signal depletion due to 
laser excitation typically is of little consequence at low-rep-
etition rates. However, at high-repetition rates, where each 
fluid element has the potential to be subjected to a number 
of repetitive laser pulses, the cumulative effect can be quite 
significant, as demonstrated in Fig. 5.

Figure 6 shows results for the average fluorescence sig-
nal (Sfl) of a 3-pentanone/air mixture as a function of pulse 
number for laser fluence values of 67 and 266 mJ/cm2, both 
of which are within the linear fluorescence regime based on 
previously reported results (Koch 2005). For these meas-
urements, the 3-pentanone mole fraction is held constant 
at 0.035, the repetition rate of the laser is 10 kHz, and the 
results are normalized by the average fluorescence sig-
nal from the first 266-nm laser pulse, denoted as Sfl (t = 
0). Similar to the acetone/air results shown in Fig.  5, for 
each laser fluence case, there is a decrease in the measured 
3-pentanone/air mixture fluorescence signal with increas-
ing number of consecutive laser pulses and the level of 
signal depletion from repetitive laser pulsing increases 
with increasing laser fluence. For the lower laser fluence 

Fig. 5   Average measured fluorescence signal (Sfl) of an acetone/air 
mixture as a function of pulse number for 266-nm excitation. Results 
are shown for laser fluence values of 13 mJ/cm2 (red line), 66 mJ/cm2 
(blue line), 133 mJ/cm2 (green line), and 266 mJ/cm2 (black line). For 
all results the acetone mole fraction is 0.04 and the laser repetition 
rate is 10 kHz
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case (67  mJ/cm2), the signal depletion after 100 pulses 
(averaged over 50 pulse bursts) is approximately 12.5% or 
SDPP = 0.125%. For the higher fluence case (266 mJ/cm2), 
the average signal depletion is 52% after 100 consecutive 
laser pulses or an SDPP = 0.52%. Both these SDPP values 
are within 10% of the values measured for the acetone/air 
mixture for equivalent laser fluence values. While previ-
ous studies have shown that the fluorescence behavior of 
the two tracers is very similar, the current work extends the 
tracer comparisons to show that associated signal depletion 
mechanisms due to repetitive laser pulsing is nearly iden-
tical for acetone and 3-pentanone. Because the effects of 
repetitive laser pulsing on acetone and 3-pentanone mix-
tures are almost identical, we restrict the detailed reporting 
of data over a broader range of test conditions (as discussed 
in Sect. 3.2) to acetone/carrier gas mixtures.

The results of Figs. 5 and 6 appear to indicate a mono-
tonic relationship between laser fluence and signal deple-
tion due to repetitive laser pulsing. Figure  7a shows the 
combined results of the acetone/air (circle symbols) and 
3-pentanone/air (square symbols) mixtures as a function of 
laser fluence. As shown in Fig.  7a, there is a linear rela-
tionship between SDPP (determined from the first 100 laser 
pulses) and laser fluence for the range of conditions tested. 
Both tracer/carrier gas mixtures collapse onto the same lin-
ear curve. Since SDPP is a linear function of laser fluence, 
the normalization of the signal depletion per pulse by the 
incident laser fluence, SDPP* = SDPP/F, yields a param-
eter that collapses all measured values to a single value, as 
shown in Fig.  7b. For the range of fluence values tested, 
the current acetone/air and 3-pentanone/air mixtures yield 
a value of SDPP*  =  0.002%/pulse/(mJ/cm2). The impor-
tance of the results in Figs.  5, 6, and 7 can be viewed in 
the context of high-speed imaging in turbulent flows, such 

as the sample acetone PLIF sequence, as shown in Fig. 3. 
For the conditions in which the sample image sequence 
of Fig.  3 was acquired (70  mJ/pulse; 1900  mJ/cm2), the 
expected signal depletion is approximately 3.5% per image. 
Due to the turbulent nature of the flow, signal depletion at 
any pixel cannot be distinguished from a decrease in signal 
due to turbulent mixing or diffusion; that is, signal deple-
tion cannot be determined visually. With signal depletion 
present, local tracer concentrations inferred from the PLIF 
images are biased toward lower values yielding erroneous 
mixing fields.

Figure  10 shows results for the average fluorescence 
signal (Sfl) of a biacetyl/air mixture as a function of pulse 
number for laser fluence values of 133 and 400  mJ/cm2. 
For these measurements, the biacetyl mole fraction is held 
constant at 0.015, the repetition rate of the laser is 10 kHz, 
and the results are normalized by the average fluorescence 
signal from the first 355-nm laser pulse, denoted as Sfl (t 
= 0). Contrary to the results shown for the acetone/air and 
3-pentonone/air mixtures, the measured fluorescence signal 
increases within increasing number of consecutive laser 

Fig. 6   Average measured fluorescence signal (Sfl) of a 3-pentanone/
air mixture as a function of pulse number for 266-nm excitation. 
Results are shown for laser fluence values of 67 mJ/cm2 (blue line) 
and 266  mJ/cm2 (black line). For all results, the 3-pentanone mole 
fraction is 0.035 and the laser repetition rate is 10 kHz

Fig. 7   a Combined results for signal depletion per pulse (SDPP) 
of the acetone/air (circle symbols) and biacetyl/air (square sym-
bols) mixtures as a function of laser fluence. b Normalization of 
SDPP results by incident laser fluence (F) for both the acetone/
air (circle symbols) and biacetyl/air (square symbols) mixtures as 
a function of laser fluence. The normalization yields a parameter 
SDPP* = SDPP/F that collapses all measurements to a single values 
of 0.002%/pulse/(mJ/cm2)
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pulses. In addition, the magnitude of the signal increase per 
pulse (SIPP) increases with increasing laser fluence. The 
dependence on laser fluence in terms of signal change under 
repetitive pulsing conditions is consistent with the observa-
tions within the acetone/air and 3-pentanone/air mixtures, 
although signal increase is observed in the biacetyl/air 
mixtures and signal depletion is observed in the acetone/
air and 3-pentanone/air mixtures. The results in Fig.  8 
also show that the SIPP continually changes as a function 
of pulse number. For example, for laser pulses 1 to 35, the 
average SIPP is approximately 0.35 and 1.25% for F = 133 
and 400 mJ/cm2, respectively. For laser pulses 35–150, the 
average SIPP decreases to approximately 0.17 and 0.42% 
for F = 133 and 400 mJ/cm2, respectively. Examining the 
representative 355-nm laser pulse trace in Fig. 4, the struc-
ture of the SIPP as a function of pulse number (Fig. 8) does 
not appear to be related to the general structure of the laser 
pulse energy output as a function of time.

3.2 � Acetone: influence of tracer mole fraction, 
repetition rate, and carrier gas

Figure  9 shows the effects of varying the acetone mole 
fraction from 0.02 to 0.08 in the tracer/carrier gas mixture 
on the average Sfl as a function of pulse number for a sin-
gle laser fluence of 133 mJ/cm2. For these results, the rep-
etition rate of the laser is 10 kHz and the results are nor-
malized by the average fluorescence signal from the first 
266-nm laser pulse, denoted as Sfl (t = 0), for each indi-
vidual mole fraction case. The results show that the level 
of signal depletion per pulse can be characterized as nearly 
independent of acetone mole fraction for the range of mole 
fractions considered. For example, for the lowest seed level 
(Xacetone = 0.02), the signal depletion due to repetitive laser 

pulsing is approximately 23% after 100 laser pulses. For 
Xacetone = 0.04 and 0.08, the average signal depletion after 
100 pulses is 26 and 28%, respectively. This corresponds to 
SDPP values of 0.23, 0.26, and 0.28% for Xacetone = 0.02, 
0.04, and 0.08, respectively. While the acetone tracer mole 
fraction changes by 400% over the range of mole fractions 
considered, the level of signal depletion changes by less 
than 20% when comparing across the mole fraction cases.

Figure 10 shows the effects of varying the laser repeti-
tion rate (f) from 5 to 20 kHz on the average Sfl as a func-
tion of pulse number. For these results, the acetone mole 
fraction is 0.04 and the results are normalized by the aver-
age fluorescence signal from the first 266-nm laser pulse, 

Fig. 8   Average measured fluorescence signal (Sfl) of a biacetyl/air 
mixture as a function of pulse number for 355-nm excitation. Results 
are shown for laser fluence values of 133  mJ/cm2 (blue line) and 
400 mJ/cm2 (black line). For all results, the biacetyl mole fraction is 
0.015 and the laser repetition rate is 10 kHz

Fig. 9   Effects of varying acetone mole fraction on the average meas-
ured fluorescence signal (Sfl) for a single laser fluence of 133  mJ/
cm2. Results are shown for acetone mole fractions of 0.02 (red line), 
0.04 (blue line), and 0.08 (black line). For all results, the laser repeti-
tion rate is 10 kHz and the excitation wavelength is 266 nm. Results 
indicate negligible effect of increasing acetone mole fraction over the 
measured range

Fig. 10   Effects of varying laser repetition rate on the average meas-
ured fluorescence signal (Sfl) for a single laser fluence of 133 mJ/cm2. 
Results are shown for repetition rates of 5  kHz (red line), 10  kHz 
(blue line), and 20 kHz (black line). For all results, the acetone mole 
fraction is 0.04 and the excitation wavelength is 266 nm. Results indi-
cate negligible effect of increasing laser repetition rate of measured 
range
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denoted as Sfl (t = 0), for each laser repetition rate. Only 
one laser fluence case of 133  mJ/cm2 is shown as results 
for other fluence values are similar. For the range of laser 
repetition rates considered in this study, there appears to be 
no dependence on the actual repetition rate, but rather the 
total number of pulses (Np) in which the tracer/carrier gas 
mixture (in a given probe volume) is exposed to. For exam-
ple, after 85 consecutive pulses, the f = 5-, 10-, and 20-kHz 
cases are within 1% of each other in terms of total signal 
depletion (~22%). After 150 pulses, the 10- and 20-kHz 
cases are within 2% of each other in terms of total signal 
depletion (~38%). As will be discussed in more detail in 
Sect. 3.4, we believe that this trend may hold over all rep-
etition rates subject to Np/f << τD, where τD is a diffusion 
timescale of the tracer/carrier gas mixture. As Np/f becomes 
comparable (or larger) than τD, there is sufficient time for 
the “excited” tracer/carrier gas mixture to diffuse out of the 
probe volume and “fresh” tracer/carrier gas mixture to dif-
fuse from the surroundings into the probe volume. Such a 
process would manifest itself into an observed decrease in 
(or even an absence of) signal depletion.

Figure 11 shows the effects of changing the carrier gas 
from the air to pure N2 on Sfl as a function of laser pulse 
number. For these results, the acetone mole fraction is 0.04, 
the pulse repetition rate is 10 kHz, and the laser fluence is 
190 mJ/cm2. The results show a clear dependence of Sfl/Sfl 
(t = 0) on the choice of carrier gas with the total signal 
depletion (and SDPP) being much less when the carrier 
gas is N2 as compared to air. For example, after 100 laser 
pulses, the total signal depletion for the case of acetone in 
N2 is 24 or 0.24% per pulse, while the total signal deple-
tion for the case of acetone in the air is 39 or 0.39% per 
pulse. This represents a 60% increase in SDPP when using 
the air as compared to using N2 as a carrier gas. Since the 

transport and thermodynamic properties of N2 and air are 
very similar, the results of Fig.  11 may suggest an addi-
tional chemical or photo-chemical effect with the pres-
ence of O2 in the mixture. This will be discussed further in 
Sect. 3.3.

3.3 � Possible mechanisms for observed behavior

The results outlined in the previous section identify that 
repetitive laser pulsing leads to “intrusive” effects, where 
detected fluorescence signals from the tracer/carrier gas 
mixture change with an increasing number of consecutive 
laser pulses. LIF is a process in which an atom or molecule 
is excited to a higher energy level through the absorption 
of incident laser photons, followed by the de-excitation 
of the excited-state species through chemical or physical 
processes. Chemical processes include photodissociation 
or photo-chemical reactions. The physical processes typi-
cally are characterized as being either radiative (i.e., fluo-
rescence), non-radiative (intra-molecular energy transfer), 
or collisional quenching (inter-molecular energy transfer). 
The magnitude of the fluorescence signal is dependent on 
the (1) local thermodynamic conditions (i.e., temperature 
and pressure) and (2) rate of chemical, non-radiative, and 
collisional processes, which also are dependent on the local 
temperature and pressure. The most probable mechanisms 
for the change of fluorescence signal as a function of pulse 
number include a change in the local temperature due to 
absorptive heating, a photolytic response of the tracer (i.e., 
dissociation), and/or chemical reactivity of the tracer dur-
ing the burst of pulses.

To examine the role of heating on the fluorescence sig-
nal from biacetyl/air mixtures during repetitive laser puls-
ing, 1D temperature measurements were performed (simul-
taneously with the 355-nm excitation source), as outlined 
in Sects. 3.2 and 3.3. Figure 12a shows the average results 
from 50 pulse bursts for a 355-nm laser fluence of 400 mJ/
cm2. Consistent with the signal increase shown in Fig.  8 
(re-plotted as the solid black line in Fig. 12a), the measured 
gas temperature (solid red line) increases with an increasing 
number of consecutive pulses. The total measured gas tem-
perature increase is 55 K after 180 pulses at 10 kHz, cor-
responding to an average heating of 0.31 K/pulse, although 
the results shown in Fig. 12a clearly show that the heating 
rate is not uniform. Similar to the signal increase per pulse 
(SIPP), the rate at which the temperature increases continu-
ally changes as a function of pulse number. For laser pulses 
1–35, the average heating rate is approximately 0.71  K/
pulse, and for laser pulses 35–150, the average heating rate 
decreases to approximately 0.23  K/pulse. The uncertainty 
in the average temperature measurements can be estimated 
by considering the first 60 laser pulses, which corresponds 
to a static mixture of biacetyl/air at ~295 K with no 355-nm 

Fig. 11   Effects of carrier gas on the average measured fluorescence 
signal (Sfl) for a single laser fluence of 190 mJ/cm2. Results are shown 
for nitrogen carrier gas (blue line) and air-carrier gas (black line). For 
all results, the acetone mole fraction is 0.04, the laser repetition rate is 
10 kHz, and the excitation wavelength is 266 nm
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laser excitation. The difference between the minimum and 
maximum temperature measured over this span is 2.8  K 
and the standard deviation is 0.6 K, corresponding to a sta-
tistical uncertainty of 0.2%.

Visual inspection of the results shown in Fig.  12a 
reveals that the structure of Sfl/Sfl (t = 0) and the gas tem-
perature as a function of pulse number are almost identi-
cal, indicating that the SIPP is predominately controlled by 
the temperature increase per pulse. Figure  12b shows the 
percentage of the total signal change (solid red line) plot-
ted as a function of the percentage of the total measured 
temperature increase. The results show a linear relation-
ship (see the dashed black line as a reference) between the 
two quantities indicating that any change in the measured 
fluorescence signal is a linear function of the change in the 
local gas temperature. The results shown in Fig. 12 indicate 
that the biacetyl fluorescence signal increases at an average 
rate of 1.8% per degree Kelvin over the range of tempera-
tures considered (295–350  K). This result is compared to 
the previous results of Guibert et al. (2006), who measured 
biacetyl fluorescence as a function of temperature, pressure, 
and composition. At 100  kPa, Guibert et  al. (2006) show 

results that indicate that the fluorescence signal increases 
from 373 K to approximately 450 K and then decreases for 
higher temperatures. At 373  K, the slope of the biacetyl 
fluorescence as a function of temperature indicates that sig-
nal changes by approximately 1.7% per degree K, which is 
consistent with the current results at lower temperatures. 
The photo-physics governing the temperature dependence 
of the biacetyl fluorescence signal is described in Guibert 
et al. (2006).

While the majority of biacetyl fluorescence applications 
occur under engine conditions involving temperatures in 
the range of 500–700 K (Baritaud and Heinze 1992; Des-
champs et al. 1994, Smith and Sick 2005a, b; Fajardo et al. 
2006; Peterson and Sick 2009; Cundy et al. 2009), the pri-
mary utility of the current biacetyl results at lower tem-
peratures demonstrates that repetitive laser pulsing leads to 
increases in local gas temperatures which are most likely 
due to absorptive heating. These effects are likely present 
for all ketone tracers. Under the temperature conditions, 
representative of engine environments (500–700  K), bia-
cetyl fluorescence, has been shown to be relatively insen-
sitive to temperature changes (Wermuth and Sick 2005; 
Heicklen 1959; Guibert et  al. 2006). Since the primary 
effect of repetitive laser pulsing at 355 nm on biacetyl/air 
mixtures is to raise the local gas temperature, kHz-rate 
measurements using biacetyl as a fluorescent tracer may be 
possible under engine conditions with acceptable intrusive 
effects, although this will depend on the particular goal of 
the experiment.

Previous work has shown a strong temperature depend-
ence on the acetone (and 3-pentanone) fluorescence signal. 
For example, Thurber et al. (1998) showed that the relative 
fluorescence signal (per unit mole fraction) monotonically 
decreases with increasing temperature from 300 to 1000 K 
in acetone/N2 mixtures with 266-nm excitation. The rela-
tive fluorescence signal was shown to decrease to approxi-
mately 50 and 10% of the signal measured at room tem-
perature (295 K) for gas temperatures of 500 and 1000 K, 
respectively. The temperature dependence arises from 
the combined effect of decreasing number density and a 
decreasing fluorescence yield with increasing temperature. 
Similar to the biacetyl/air mixtures, 1D Rayleigh thermom-
etry was planned in the current acetone and 3-pentanone 
mixtures to investigate whether gas heating plays a major 
role in the measured signal depletion shown in Sect.  3. 
However, during the current kHz-rate measurements within 
the acetone/air mixtures, significant (and over-whelming) 
light interference was noted in the measurement volume 
that did not exist during measurements within the biacetyl/
air mixtures. Upon further inspection, it was noted that 
there was laser damage to the cell windows and a fine par-
ticulate coating the cell and windows, both of which will 
scatter an unacceptable level of 532-nm laser light back to 

Fig. 12   a Average gas temperature (solid red line) of a biacetyl/air 
mixture as a function of pulse number for a 355-nm laser fluence of 
400  mJ/cm2. The solid black line shows the results of the average 
measured fluorescence signal (Sfl) from Fig. 9. The two dashed lines 
correspond to the “on” and “off” times of the 355-nm excitation laser. 
b Percentage of total biacetyl fluorescence signal increase (red line) 
as a function of the percentage of total measured temperature increase
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the measurement volume. Following cleansing of the cell 
and replacement of the laser windows on the cell, the meas-
urements were attempted again and the same phenomena 
(apparent particulate formation and subsequent window 
damage due to the interaction of the laser, particulate, and 
window) were observed. These results lead to a suspicion 
of photolytic activity and subsequent chemical reactivity 
during the repetitive laser pulsing that will be discussed in 
the following. Due to the damage of the optical windows 
of the cell, no Rayleigh thermometry measurements were 
acquired in any of the acetone or 3-pentanone mixtures.

Without accurate thermometry measurements, it is not 
possible to quantitatively determine the gas heating effects 
in the acetone and 3-pentanone mixtures. However, since 
the current results show that the biacetyl/air mixtures are 
heated due to repetitive laser pulsing, it is expected that the 
acetone and 3-pentanone mixtures will experience heating 
effects as well. In fact, the heating effects may be more sig-
nificant for acetone and biacetyl mixtures, since the absorp-
tion cross sections of acetone and 3-pentanone at 266 nm 
are much larger than the biacetyl absorption cross section 
at 355 nm. If it is assumed that all of the signal depletions 
observed in the acetone/N2 mixture (Fig.  11) are due to 
gas heating, then the results of Thurber et  al. (1998) can 
be used to estimate the gas temperature and heating rate. 
After 100 pulses, the 24% decrease in signal shown in 
Fig.  12 would correspond to a local gas temperature of 
approximately 385 K or an increase in 90 K over the 100 
pulses. This would correspond to an average heating rate of 
0.9 K/pulse, which is approximately three times higher than 
that determined experimentally in the biacetyl/air mixture. 
Using published absorption cross sections of acetone and 
biacetyl and the current tracer mole fractions and laser flu-
ence values, a simple energy balance yields an estimated 
heating rate for the acetone/N2 mixture that is 3.3 times 
higher than that of the biacetyl/air mixture. While still 
speculative at this point, the results suggest that absorp-
tive heating during repetitive laser pulsing plays a signifi-
cant role in the observed fluorescence signal depletion for 
ketone tracers when the carrier gas is nitrogen. The relative 
role of gas heating and other potential depletion sources, 
such as photodissociation, cannot be determined from the 
current set of experiments.

When the carrier gas is air, the observed signal deple-
tion increases noticeably as compared to the case, where 
the carrier gas is N2 (see Fig.  11). Several studies have 
shown that for moderate pressures (<3 atm), ketone quan-
tum yield is essentially identical for either N2 or air-carrier 
gases (Schulz and Sick 2005; Thurber et al. 1998; Thurber 
and Hanson 1999), implying that O2 quenching is very 
inefficient for lower oxygen partial pressures. In addition, 
Thurber et  al. (1998) showed that fluorescence signals 
(at 1  atm) in acetone mixtures are the same for N2 or air 

bath gases up to a temperature of 600  K and Ossler and 
Aldèn (1997) found no detectable differences in acetone 
fluorescence lifetime with nitrogen or air-carrier gases 
at 1 atm. Thus, we do not expect that the observed differ-
ences between the acetone/N2 and the acetone/air mix-
tures are due to enhanced collisional de-excitation or 
changes in vibrational relaxation (due to the presence of 
O2) with increasing pulse number. The most likely source 
of increased signal depletion for the acetone/air mixtures as 
compared to the acetone/N2 mixtures is chemical reactiv-
ity induced by the repetitive laser pulsing. It is well known 
that photolytic effects (i.e., photodissociation) occur when 
acetone (or other ketones) is excited with ultraviolet laser 
pulses (Calvert 1966; Horowitz 1991; Emrich and Warneck 
2000; Blitz et al. 2006). While the initial photolytic effects 
(i.e., (CH3)2CO +hν → products) are not dependent on the 
carrier gas, “photo-oxidation” (i.e., photolysis + subsequent 
oxidation reaction) would only occur in the presence of 
oxygen. For example, following the initial photolytic reac-
tion (R1), a subsequent reaction channel (R2) will produce 
the hydroxyl radical (OH) (Emrich and Warneck 2000; 
Blitz et al. 2006) that can react with acetone (via R3) at low 
temperatures according to the following sequence:

The reactions of ketones with OH are the primary 
removal pathways of ketones in the atmosphere. Because 
of their significant role in atmospheric chemistry, the reac-
tion rate constants of OH radicals with numerous ketones, 
including acetone and 3-pentonane, have been studied 
extensively in the temperature range of 250–450  K (Le 
Calvé et al. 1998; Wollenhaupt et al. 2000; Wallington and 
Kurylo 1987; Cox 1980). If a mechanism as described by 
(R1)–(R3) is responsible for the observed behavior, one 
would expect that with each successive laser pulse, addi-
tional CH3CO and OH (via R2) is formed. Because the rate 
of consumption of the acetone (via R3) will scale with the 
OH concentration, it is expected that the chemical reac-
tivity of acetone will increase with each successive laser 
pulse. This would manifest itself as an increasing differ-
ence between the results of Sfl/Sfl (t = 0) for the acetone/N2 
case and the acetone/air case with increasing pulse number, 
which is consistent with the observed behavior (Fig. 11).

The current experimental results provide no direct evi-
dence for the hypothesized reactive process as no measure-
ments of photolyic products or OH are available; however, 
indirect evidence is available in the form of the aforemen-
tioned particle formation during measurements with the 

(R1)
(
CH3

)
2
CO + h� → CH3CO + CH3

(R2)CH3CO + O2 → OH + other products

(R3)
(
CH3

)
2
CO + OH → products.
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air. To visualize this phenomenon, the 532-nm laser beam 
was expanded into a laser sheet to detect particle scatter-
ing within the cell. The same experimental protocol as 
described in Sect. 3.3 was carried out; that is, high-speed 
imaging from the 532-nm channel was collected simultane-
ously in the presence of the 266-nm laser sheet. Figure 13 
shows the results from two sets of consecutive bursts; one 
from an acetone/N2 mixture and one from an acetone/
air mixture. The results from the N2- and air-carrier gas 
experiments are combined onto a single image (separated 
by the white dashed line), where the left half represents the 
visualization in an N2 environment and the right half repre-
sents visualization in the air environment. The solid white 
line represents the field-of-view as defined by the observa-
tion window. The top row represents the “first bursts” from 
both the N2- and air-carrier gas experiments. Three sample 
images from each case are shown corresponding to the first, 
the 150th, and the 300th laser pulse. Neither N2 nor the air 
case shows any signs of particle formation. Contrary to the 
previous experimental protocol defined in Sect.  2.3, the 
optical cell was not emptied prior to the arrival of another 
set of 532-nm laser pulses. Sample images from the “sec-
ond burst”, which occurred 30 s later, are shown in the sec-
ond row of Fig. 14. As in the first burst, no particle forma-
tion is apparent for the N2 carrier gas case, but significant 
particle formation is evident for the case with air as the 
carrier gas as determined by laser light scattering from the 
particles.

The potential significance of the detected particles has 
to do with chemistry of the so-called “secondary organic 
aerosol (SOA)” formation as relevant in atmospheric 

chemistry research (Kroll and Seinfedl 2008; Hallquist 
et  al. 2009). In SOA, organic compounds (including 
ketones and other carbonyl compounds from ketone pho-
tolysis) are oxidized and the subsequent products which 
have sufficiently low volatility can condense or nucleate 
onto preexisting particles (i.e., dust). The most reactive 
oxidant that initiates oxidation of the organic compounds 
is OH and it has been shown to be the largest radical ini-
tiator of SOA (Kroll and Seinfedl 2008; Hallquist et  al. 
2009). While the kinetic details of SOA (or other atmos-
pheric chemistry) are well beyond the scope of this paper, 
the formation of aerosols within the optical cell strongly 
suggests the presence of OH within the cell when the 
carrier gas was air. As shown in (R3), the presence of 
OH allows a direct route to react with the ketones and 
decrease the local acetone concentration and the acetone 
fluorescence signal (as compared to the cases with N2 
carrier gas).

airN2

airN2

Pulse 1 Pulse 150 Pulse 300

Burst 1
(to) 

Burst 2
(to + 30s) 

Fig. 13   Observed particle formation in acetone mixtures using 532-
nm laser scattering. Left images correspond to acetone/N2 mixtures 
and right images correspond to acetone/air images. Top Three sample 
images corresponding to the first, the 150th, and the 300th 532-nm 
laser pulse immediately following a first burst of 266-nm LIF exci-
tation pulses. b Three sample images corresponding to the first, the 
150th, and the 300th 532-nm laser pulse immediately following a sec-
ond burst of 266-nm LIF excitation pulses, 20 s after the first burst. 
For all results, the acetone mole fraction is 0.04

Fig. 14   Solutions to the 1D diffusion equation to demonstrate the 
potential for diffusion of heat and species in and out of the laser 
measurement volume as a function of time. a Solutions for normal-
ized concentration, c* and b solutions for the normalized tempera-
ture, T*. Results are shown for t = 0 s (black line), t = 100 µs (blue 
line), and t = 100 ms (red line)
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3.4 � Tracer stability: comments on comparisons 
with previous low‑repetition‑rate studies

Previous studies have performed photolysis experi-
ments at low laser repetition rates to examine the sta-
bility of acetone as a function of the number of laser 
pulses (Thurber 1999; Bryant et al. 2000). For example, 
Thurber (1999) examined the reduction of acetone fluo-
rescence signal in a static cell of pure acetone vapor (P 
= 0.05  atm; T = 295 K) for two laser fluence values of 
34 and 84 mJ/cm2 using 266-nm excitation. Over 12,000 
laser shots, the measured acetone fluorescence signal 
decreased by approximately 5 and 10% for the F = 34 and 
84 mJ/cm2 cases, respectively. Bryant et al. (2000) exam-
ined acetone photolysis under atmospheric conditions 
(T = 295 K) in an acetone vapor/air mixture using 266-
nm laser excitation for laser fluence values ranging from 
53 to 265  mJ/cm2. The results of Thurber (1999) can 
be interpreted as a SDPP* ~1 × 10−5  %/pulse/(mJ/cm2), 
while the results of Bryant et al. (2000) show SDPP* val-
ues ranging from ~4 × 10−6 to 9 × 10−6%/pulse/(mJ/cm2). 
Both these sets of results are qualitatively similar, but are 
2.5–3 orders of magnitude less than the values measured 
in the current study under kHz-rate repetitive laser puls-
ing. As one point of direct comparison, the F = 265 mJ/
cm2 case of Bryant et al. (2000) in acetone/air at 10 Hz is 
compared to the F = 266 mJ/cm2 acetone/air case in the 
current study. After 10,000 laser pulses, the results from 
Bryant et al., (Bryant et al. 2000) show a signal depletion 
of approximately 17%, while for the present results at 
10 kHz, a signal depletion of 17% is achieved after only 
30 pulses.

The primary difference between the previous stability 
studies and the current study is the laser repetition rate, i.e., 
10  Hz vs. 5–20  kHz, which corresponds to very different 
time scales between successive laser pulses. For the current 
kHz-rate measurements, the time between successive laser 
pulses is 50–200  µs, while for the 10-Hz measurements, 
the time between successive laser pulses is 100 ms, which 
is O(103) times longer than the kHz-rate measurements. 
We contend that for the low-repetition-rate measurements, 
there is sufficient time in between any two successive laser 
pulses for fluid elements (originally at temperature To and 
tracer concentration co) to diffuse away from the probe vol-
ume and be “replenished” by “fresh” tracer/carrier gas mix-
tures from the surroundings. More specifically, assuming 
that after each laser pulse, fluid elements within the probe 
volume are heated to a temperature T’ > To and the tracer 
concentration is depleted to a value c’  <  co, then in the 
100-ms interval between laser pulses, the temperature and 
concentration gradients allow both mass and thermal dif-
fusion to and from the surroundings which are at T∞ < T’ 
and c∞ > c’.

To qualitatively study this effect, analytical solutions to 
the 1D diffusion equation (∂φ/∂t = Ψ∂2φ/∂t2; Ψ is a diffu-
sion coefficient) are performed for a single slab of fluid of 
thickness Δx (representing the volume defined by the excit-
ing laser sheet) sandwiched between two infinite slabs of 
fluid. At time t < 0, co = c∞ and To = T∞ representing a uni-
form mixture within a given cell at constant temperature. 
At t = 0, we assume that the 266-nm laser sheet raises the 
gas temperature within the laser probe volume to a value 
T’ > (To = T∞) and depletes the concentration in the probe 
volume to a value c’ < (co = c∞). We then allow the solu-
tion to the diffusion equation to evolve in one dimension 
and in time representing the time between successive pulses 
for the kHz-rate and Hz-rate cases. To track the heat and 
mass diffusion in and out of the probe volume, an excess 
temperature T* = (T − T∞)/(T’ − T∞) and a concentration 
deficit c* = (c − c’)/(c∞ − c’) are defined. The solutions 
to the 1D mass (Ψ = mass diffusivity, D) and heat equa-
tions (Ψ = thermal diffusivity, α) for Δx = 300 µm, D = 
2 × 10−5 m2/s, and α = 5 × 10−6 m2/s are shown in Fig. 14a 
and b. The solid black line represents the t = 0 case, where 
the fluid volume is initially heated and depleted in concen-
tration by some finite amount, corresponding to T* = 1 and 
c* = 0. The solid blue lines represent the solutions for c* 
and T* after 100 µs, which corresponds to the inter-pulse 
spacing for 10-kHz measurements. As shown in Fig.  14a 
and b, at t = 100 µs, negligible concentration from the sur-
roundings has diffused into the probe volume and negligible 
heat from the probe volume has diffused into the surround-
ings. We interpret this as a case where the same volume of 
fluid is being effectively excited by the laser sheet over a 
large number of consecutive laser pulses. For the case of 
t = 100 ms (10-Hz excitation), the peak values of c* ~0.9 
and T* ~0.1 and both the c* and T* profiles are signifi-
cantly broadened showing more than 90% of the heat has 
diffused away from the probe volume and more than 90% 
of the depleted tracer concentration has been replenished 
from the surroundings. This result illustrates that by the 
time a subsequent laser pulse arrives, significant mass and 
heat diffusion in and out of the probe volume has occurred 
and any local gas heating, photolysis, and chemical effects 
(due to the excitation laser) are not observed due to diffu-
sion effects. It should be noted that true multi-dimensional 
diffusion effects would likely increase the effective heat 
loss and tracer replenishment within the probe volume even 
further. In essence, measurements such as those reported 
by Thurber (1999) and Bryant et  al. (2000) characterize 
tracer stability in a cell-volume-weighted manner. Because 
the fluorescence signal is proportional to the tracer mole 
fraction, inversely proportional to temperature, and propor-
tional to fluorescence yield which increases with decreas-
ing temperature, an order-of-magnitude reduction (due to 
diffusion) in both the effective heating rate and the tracer 
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mole fraction depletion rate within the probe volume would 
correspond to more than two orders-of-magnitude reduc-
tion in the measured SDPP, which would be consistent with 
the tracer stability results measured at low-repetition rates.

4 � Recommendations for operation with ketone 
tracers under turbulent flow conditions

The implications of the results shown in Sect.  3 for the 
ketone tracers should be interpreted in the context of the 
number of laser pulses that each fluid element will see in a 
flowing environment. As a first illustration of this process, 
we will consider the case of one-dimensional flow with a 
single convective velocity, Uc, in the principal flow direc-
tion. For a planar imaging experiment with laser sheet 
height of H, the number of laser pulses (Np) that each fluid 
element encounters is Np = H/Uc ×  f, where f is the laser 
repetition rate. For a given set of experimental param-
eters (H, Uc, f), the relationship between laser fluence and 
total signal depletion (TSD) of the fluid tracer as it con-
vects through the laser sheet is determined from the results 
shown in Fig.  7, where it was determined that SDPP* = 
0.002%/pulse/(mJ/cm2). If the practitioner chooses an 
allowable value of TSD, which represents a systematic 
error, the allowable laser fluence is determined as F = TSD/
(Np × SDPP*). Figure 15 shows a set of results for allow-
able laser fluence as a function of Np for various values of 
TSD. As expected, for a given number of laser pulses, the 
allowable laser fluence increases substantially as the practi-
tioner relaxes the TSD threshold; however, it is noted that 
as TSD increases, the systematic error of the experiment 
increases, which can cause difficulty in the proper deduc-
tion of flow statistics.

Another observation from Fig. 15 is that for a fixed laser 
sheet height, the allowable laser fluence is directly propor-
tional to the fluid’s velocity due to the varying number of 
laser pulses in which the tracer-based fluid elements inter-
act with. This aspect is quite important for turbulent flows 
for two primary reasons: (1) in general, the mean flow 
velocity changes with spatial position and (2) the local 
velocity fluctuates about the mean value giving rise to a 
distribution of velocities at a given spatial position. In this 
manner, Np fluctuates in both space and time, such that for 
a general turbulent flow, the number of laser pulses which 
interact with the tracer fluid is written as

where x
−
= (x1, x2) represents a 2D position vector2 with 

coordinates parallel to and transverse to the laser sheet 
height, H and u(x

−
, t) represent the time-dependent local 

velocity in the direction parallel with H. The challenge to 
this problem lies in determining the maximum allowable 
fluence, such that an acceptable percentage of measure-
ments in a given spatial region does not exceed a user-
determined TSD. Since it is not feasible to change the laser 
fluence as a function of time, a laser fluence, F should be 
chosen, such that

This is equivalent to writing

with the constraint of

where FT is a laser fluence suitable for the turbulent 
flow measurements and UT(x

−
) is a characteristic veloc-

ity of the turbulent flow chosen, such that the fluid ele-
ments with the lowest velocities are not subject to exces-
sive depletion effects. For turbulent flows that display 
near-Gaussian statistics, our recommendation is that 
UT (x

−
) = ⟨u(x

−
, t)⟩ −M�(x

−
), where ⟨u(x

−
, t)⟩ is the mean 

flow velocity direction parallel with H at the spatial posi-
tion (x1, x2), �(x−) is the standard deviation of u(x

−
, t), com-

monly known as the RMS fluctuation of u(x
−
, t), and M is an 

integer. Assuming Gaussian statistics, the probability that 
UT (x

−
) < u(x

−
, t) is

(4)Np(x−, t) = Hu(x
−
, t)f

2  For 2D planar imaging, the third coordinate corresponds to the 
“out-of-plane” dimension.
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Fig. 15   Calculations of allowable laser fluence for user-defined total 
signal depletion (TSD) as a function of the number of laser pulses 
(Np) that each fluid element encounters. Results are shown for a one-
dimensional flow with a single convective velocity
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which implies that if M = 1, then the probability that 
UT (x

−
) < u(x

−
, t) is 0.84 and if M = 2, then the probability 

that UT (x
−
) < u(x

−
, t) is 0.98. It is clear that this choice of 

UT(x
−
) requires knowledge of the flowfield properties. Thus, 

a second recommendation is that ⟨u(x
−
, t)⟩ and �(x

−
) are 

determined a priori for any particular flow configuration in 
which kHz-rate ketone tracer-PLIF measurements are to be 
carried out. The preferred method would be to determine 
⟨u(x

−
, t)⟩ and �(x

−
) experimentally, but if experimental veloc-

ity measurements are not possible, then suitable estimations 
of ⟨u(x

−
)⟩ and �(x

−
) should be made. Appendix demonstrates 

the constraints that turbulent flows can place on kHz-rate 
tracer-PLIF measurements by considering the case example 
of an axisymmetric turbulent jet and the resulting allowable 
laser fluences for minimizing the repetitive laser pulsing 
effects.

5 � Summary and concluding remarks

In this paper, we have examined the effects of repetitive 
laser pulsing on measured LIF signals of three popular 
flow tracers, acetone, 3-pentanone, and biacetyl, in the con-
text of high-speed PLIF imaging. For all three tracers, the 
effects of repetitive laser pulsing led to changes in the LIF 
signal as a function of pulse number, although the effects 
were different for biacetyl as compared to the acetone and 
3-pentanone. We examined the effects of repetitive laser 
pulsing with varying levels of laser fluence for all three 
tracers and examined repetitive laser pulsing effects for var-
ious laser repetition rates (5–20 kHz), tracer mole fractions 
(2–8%), and carrier gas (air or N2) when acetone was the 
tracer. Overall, the current results indicate that under repet-
itive laser pulsing conditions (i.e., high-speed imaging), the 
tracer-LIF measurement techniques can be considered quite 
intrusive unless the laser fluences are kept sufficiently low.

For biacetyl/air mixtures at room temperature, an 
increase in LIF signal as a function of laser pulse number 
was observed, where the signal increase per pulse (SIPP) 
was a function of the incident laser fluence. The SIPP was 
attributed solely to local absorptive heating of the probe 
volume, which was confirmed by Rayleigh scattering 
thermometry measurements. For the highest fluence used 
(400  mJ/cm2), the average gas heating rate was 0.31  K/
pulse when the 355-nm laser was operated at 10 kHz. For 
room-temperature conditions, the SIPP would prohibit 
the use of biacetyl as an accurate flow tracer for kHz-rate 
measurements, but for engine applications with elevated 
temperatures, the local gas heating may not cause signifi-
cant unwanted effects as previous works have shown that 
biacetyl fluorescence is relatively insensitive to temperature 
changes over the range of 450–550 K.

For the acetone and 3-pentanone tracers in the air, the 
LIF signal decreased as a function of laser pulse number 
and the signal depletion per pulse (SDPP) was observed 
to be a linear function of laser fluence (F) over the range 
of F = 13–266 mJ/cm2. In this manner, the results for both 
acetone and 3-pentanone collapsed to a single parameter, 
SDPP* ≡ SDPP/F, with a value of SDPP* = 0.002%/pulse/
(mJ/cm2). The importance of this result becomes clear in 
the context of high-speed tracer-PLIF imaging, where 
each tracer-based fluid element interacts with multiple 
laser pulses and is subject to signal depletion effects. It is 
further noted that for turbulent flows, the signal depletion 
cannot be corrected as local changes in signal due to turbu-
lent mixing/diffusion cannot be distinguished from signal 
depletion. Whenever signal depletion effects are present, 
local tracer concentrations inferred from PLIF images will 
be biased towards lower values yielding systematic errors 
in concentration or mixing measurements.

For acetone, the SDPP was shown to be relatively 
insensitive to laser repetition rate and tracer mole frac-
tion, but the substitution of N2 for the air as the carrier 
gas reduced the SDPP by more than 40% at laser repeti-
tion rates of 10 kHz. Thermometry measurements were not 
available in the acetone mixtures, so it was not possible 
to discern the relative roles of gas heating and photolytic 
effects in the acetone/N2 mixtures. The differences in sig-
nal depletion for the acetone/air mixtures as compared to 
the acetone/N2 mixtures were most likely due to additional 
chemical reactivity induced by the repetitive laser pulsing. 
A likely source is “photo-oxidation”, where the products 
of laser photolysis react with the surrounding O2 to form 
the highly reactive hydroxyl (OH) radical, which then oxi-
dizes the acetone tracer. Evidence of the presence of OH 
was observed through the detection of fine particulate/
aerosol formation in the measurement cell. A well-known 
(and dominant) aerosol formation pathway relevant in 
atmospheric chemistry includes the oxidation of organic 
compounds with OH. Future measurements of OH forma-
tion under repetitive laser pulsing conditions would be very 
beneficial to determine if the aforementioned photo-oxida-
tion mechanism is responsible for the increasing in SDPP 
when the carrier gas is the air as opposed to N2.

Comparisons of previous ketone tracer stability meas-
urements at low-repetition rates (10  Hz) with the current 
kHz-rate measurements show that the rate of measured 
LIF signal depletion (or SDPP) is on the order of 102–103 
times greater under kHz-rate conditions. Simple analysis 
considering mass and heat diffusion indicates that the most 
likely explanation of this discrepancy between low-repeti-
tion rate and kHz-rate measurements is the fact that under 
low-repetition-rate conditions, there is ample time for spe-
cies and heat to diffuse into and out of the probe volume. In 
this manner, after a single laser pulse decreases the tracer 
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species concentration (through photolysis or oxidation) and 
heats the gas (through absorption), there is sufficient time 
for diffusion effects to replenish the probe volume with 
“fresh” gases under low-repetition-rate conditions, thus 
masking species depletion and heating effects.

Finally, we examined the implications of the ketone sig-
nal depletion due to repetitive laser pulsing under turbulent 
flow conditions. At each point in space and time, the local 
velocity changes within a turbulent flow which can change 
the number of laser pulses that each tracer-based fluid ele-
ment interacts with. Since this phenomenon cannot be pre-
dicted a priori, a conservative selection of the laser fluence 
must be considered to avoid excessive signal depletion 
effects. We recommend that prior to performing kHz-rate 
tracer LIF measurements, velocity measurements or veloc-
ity estimations are performed in the flow field of interest 
to characterize the flow statistically. Subsequently a laser 
fluence should be chosen, such that there is a low probabil-
ity that a user-determined level of total signal depletion is 
exceeded due to an excessive number of tracer-pulse inter-
actions arising from velocities that fall below an expected 
velocity range. In general, regions of low velocity require 
the application of low laser fluence to avoid signal deple-
tion effects, which will place challenges on achieving an 
acceptable signal-to-noise ratio (SNR). For high-speed 
tracer-LIF experiments, the limiting factor of measurement 
SNR is laser pulse energy (or laser fluence) that minimizes 
signal depletion effects.
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Appendix: The turbulent axisymmetric jet 
as a case example for applying kHz‑rate 
tracer‑PLIF measurements

To illustrate the constraints that turbulent flows can place 
on kHz-rate tracer-PLIF measurements, an estimation of 
allowable laser fluences is performed for turbulent axisym-
metric jets of exit velocities Uo with experimental param-
eters of H = 20 mm, f = 10 kHz, and TSD = 2%, where it 
is assumed that the laser sheet is normal to the axial flow 
direction. The turbulent axisymmetric jet is chosen as an 
illustrative problem as it is well studied theoretically, is a 
common experimental platform for tracer-LIF measure-
ments, and demonstrates a large dynamic range of veloci-
ties as a function of axial position, x and radial position, 
r. Theoretical solutions for mean velocity field of an 
axisymmetric jet, ⟨u(r, x)⟩, are well known and based on 
the combination of dimensional analysis, solutions to the 

turbulent-boundary layer continuity and momentum equa-
tions, and experimental data in the literature (Tacina and 
Dahm 2000; White and Corfield 2006; Wygnanski and 
Fiedler 1969). The RMS axial velocity fluctuation (nor-
malized by the centerline axial velocity) is taken from 
Wygnanski and Fielder (1969). With both ⟨u(r, x)⟩ and 
u’
RMS

(r, x) = �(r, x), it is possible to construct UT(r, x) and 
hence FT(r, x) based on Eq. (6).

Figure  16 shows two sets of results for FT/Uo for both 
M = 1 (left) and M = 2 (right) as a function of normal-
ized axial position (x/d) and normalized radial position 
(r/d), where d is the jet nozzle diameter. The fluence, FT, is 
normalized by the jet exit velocity Uo, such that the result 
is general for any exit velocity; that is, for constant H and 
f, increasing (or decreasing) Uo allows an increasing (or 
decreasing) level of laser fluence for a user-selected TSD. 
In each figure, the white solid lines represent the FWHM 
of the jet profile; that is, the radial contour, where the radial 
velocity is 50% of the centerline velocity or r1/2. Several 
observations are evident from the results shown in Fig. 16. 
First, it is clear that the large dynamic range in velocities 
in the jet imply a large dynamic range of suitable laser 
fluence values to avoid excessive signal depletion. For a 
given experimental field-of-view, a laser fluence should be 
chosen that corresponds to the lowest expected UT in the 
field-of-view. To maximize FT for a given spatial region, 
this facet promotes a small field-of-view, which greatly 
reduces spatial dynamic range and increases the amount 
of experimental data that must be collected. Second, it is 
noted that for a given exit velocity, Uo, FT → 0 as x → ∞ 
and r → ±∞, since the local velocity, u(r,x) → 0. As the 

Fig. 16   Estimations of allowable laser fluence in a turbulent jet as 
a function of spatial position. a M = 1 and b M = 2. For both sets 
of calculations, H = 20 mm, f = 10 kHz, and TSD = 2%. The local 
mean axial velocity is determined from theoretical solutions of the 
velocity field in an axisymmetric turbulent jet and the RMS fluctua-
tion id taken from the data of Wygnanski and Fiedler (1969)
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collected signal is directly proportional to FT, the signal-to-
noise ratio (SNR) of the measurement will be proportional 
to 
√
FT under shot-noise-limited conditions. In this manner, 

there exists some axial and radial position, where the meas-
urements are not feasible due to the competition between 
SNR and TSD. For example, upon examining the M = 2 
case (right image of Fig. 16), it is noted that FT → 0 well 
before the r1/2 contour, thus relegating potential kHz-rate 
tracer-LIF measurements to near-centerline and upstream 
axial locations. Obviously, the TSD threshold could be 
increased to increase the measurement domain, but this 
will lead to a larger level of systematic error in the kHz-rate 
tracer-LIF measurements. Third, it is noted that while the M 
= 2 case yields a higher probability that UT(r, x) < u(r, x), 
the range of spatial locations in which measurements with 
suitable SNR (as assumed through the 

√
FTdependence) 

will be possible is significantly reduced as compared to the 
M = 1 case. However, the M = 1 case will exhibit a higher 
probability that UT(r, x) > u(r, x), thus increasing the sys-
tematic error of the kHz-rate measurements.

While the results shown in Fig. 16 are not indicative of 
all experimental configurations, they do show that because 
of signal depletion effects from repetitive laser pulsing, the 
laser fluence must be kept at a suitably low levels, which 
may change as the local velocity and velocity fluctuations 
change. A general observation is that as local velocities 
decrease, each fluid element is subjected to an increasingly 
higher number of laser pulses (for given sheet height, H), 
which dictates that the chosen FT (necessary to maximize 
collected signal) needs to decrease and may render cer-
tain measurements or measurement locations unfeasible. 
The current results also indicate that while systems such as 
pulse burst laser systems have demonstrated very high laser 
energies, under many experimental configurations, the out-
put typical of DPSS lasers is appropriate to minimize signal 
depletion effects due to repetitive laser pulsing. However, it 
should be noted that the ability to generate high laser pulse 
energies from pulse burst laser systems can be utilized in 
additional ways. For example, pulse burst systems still 
offer the ability to go to ultrahigh-repetition rates if such 
an experiment (i.e., high-speed turbulent flow) dictates 
this need. For example, for a laser fluence of 10  mJ/cm2 
(~1 mJ in a 30 mm × 0.3 mm laser sheet), it is expected 
that the current HEPBLS (used to generate the results in 
Fig. 1) could operate with 266-nm output at repetition rates 
exceeding 500 kHz.
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