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ABSTRACT

We describe a simple and passive nanosecond-long (ns-long) laser ‘pulse-stretcher’ using multi-
ple optical ring-cavities. We present a model of the pulse-stretching process for an arbitrary
number of optical ring-cavities. Using the model, we optimize the design of a pulse-stretcher for
use in a spontaneous Raman scattering excitation system that avoids laser-induced plasma spark
problems. From the optimized design, we then experimentally demonstrate and verify the model
with a 3-cavity pulse-stretcher system that converts a 1000 mJ, 8.4 ns-long input laser pulse into
an approximately 75 ns-long (FWHM) output laser pulse with a peak power reduction of 0.10X,

and an 83% efficiency.
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INTRODUCTION

Non-intrusive, laser-based optical diagnostic techniques are important in spatially and temporally
resolved measurements of turbulent and chemically reacting flow processes such as combustion.
In particular, spontaneous Raman scattering (SRS) spectroscopy using pulsed lasers is one of the
few techniques that can provide a quantitative measurement of major chemical species concen-
trations and temperature in turbulent reacting flows.'” In order to collect high-quality SRS data
in gas-phase flows, high-energy pulsed lasers are required to compensate for the weak signal
levels generated by the Raman effect. In the past decade, reliable high energy (and high peak
power) Q-switched (QS) Nd:YAG lasers that produce circa 1 J pulses at 532 nm have been used
to maximize the weak SRS signals of gas-phase molecular species (see Nguyen et al. for exam-
ple).® However, high energy QS lasers often suffer from laser-induced plasma spark generation
at the focused probe volume.”” The strong optical emission from the plasma spark overwhelms
the weak Raman scattering signal, making spatially resolved measurements with high energy QS
Nd:YAG lasers very challenging. Previously, flashlamp-pumped dye lasers, although inconven-
ient to use, were often employed for SRS excitation since they produced laser pulse energies of
order 1 J over several microseconds at 532 nm, avoiding the plasma spark problems inherent
with QS Nd:YAG lasers.” Thus, a way of reducing the peak laser power while maintaining the
total pulse energy is needed to facilitate SRS measurements in combustion environments using
the readily available and convenient QS Nd:YAG laser.

The 532 nm wavelength output obtained by second harmonic generation (SHG) is a
popular choice for SRS excitation. This wavelength is often used since it maximizes the weak
Raman signal (compared to longer wavelength lasers) and also permits conventional visible-

wavelength optics and detectors to be used. Thus a technique that reduces the peak power of the
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SHG output of a QS Nd: YAG laser while maintaining the overall pulse energy is needed for SRS
measurements in gas-phase systems. One way to achieve this objective is to use a pulse-stretcher
as described in this paper. The term ‘pulse-stretcher’ in this study is ideally suited for ns-long
laser pulses and is different than the time-bandwidth-product type of pulse-stretcher that is rou-
tinely used in ultra-fast (femtosecond) laser systems.

Several concepts of pulse-stretching using electro-optical devices have been reported.'®'*
These other concepts were primarily intended to permit launching QS lasers pulses into optical
fibers without damaging the fiber input faces. However, there are few pulse-stretching systems
designed to the reduce the high peak powers of ns-long 532 nm laser pulses from QS Nd:YAG
lasers. Many of these techniques rely on complicated and often expensive electro-optic modula-
tors to control the intra-cavity pulse buildup in the laser. Nguyen et al.® have previously demon-
strated a pulse-stretching system for SRS excitation that uses beam splitters and mirrors in an
optical ring-cavity configuration to stretch a laser pulse temporally. This pulse-stretcher was
shown to be passive, reliable, and low cost compared to electro-optic schemes. Although this
pulse-stretching technique works well and appears to be in demand for its utility in SRS spec-
troscopy in turbulent combusting flows,"” the design and optimization of such a pulse-stretching
system has not been previously described in detail in the literature.

In this paper we will present an analytical and experimental study of a laser pulse-
stretching system that uses a series of optical ring-cavities. The results of this study will show
the techniques used to design and optimize a reliable and passive pulse-stretching system for ns-
long pulses. The goals of the optimization process are: minimizing peak laser power, avoiding
laser-induced plasma spark generation, and avoiding damage to optical components in the beam

path. These goals are then realized through a numerical calculation of the temporal and spatial
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profiles of the stretched-pulses using the model. The results will clearly show the effects of key
parameters such as: beam splitter reflectivity, optical cavity delay time, laser beam pointing in-
stability, and laser beam divergence on the performance of the pulse-stretcher. The numerically
optimized pulse-stretcher design will then be experimentally verified using a 3-cavity pulse-

stretcher and a 1000 mJ/pulse QS Nd:YAG laser source.

MODEL

The pulse-stretcher concept is based on a simple partially transmitting optical ring-cavity that is
arranged in a right-triangle as shown in Fig. 1. Although other angles can be used, the right-
triangle configuration permits the superposition of the input and output pulses upon exiting the
cavity using readily available off-the-shelf 45° incidence beam splitters. The ring-cavity traps
and stores a portion of the circulating laser pulse, subsequently releasing the stored pulse over a
longer period of time as determined by the intra-cavity leakage rate (1-Rps), where Rps is the
beam splitter reflectivity, and the optical delay time 7, as determined by the optical propagation
path length L in the optical cavity. From Fig. 1, if we follow the path of an ‘original’ laser pulse
into the cavity, it is first partially reflected (by Rps ) at the beam splitter. The remainder of the
laser pulse is then transmitted (by 1-Rps) through the beam splitter. The pulse then circulates in-
side the cavity for a time period 7, and is then is partially extracted via leakage through the beam
splitter. The remainder of the pulse that is transmitted undergoes another round-trip in the cavity
or is reflected/transmitted again, etc. The optical pulses exiting from the cavity have delay times
given by 7, 27, ... , k7, where k is an integer representing the number of round-trips in the cavity.
Thus the ring-cavity divides an initially large amplitude laser pulse into many smaller amplitude

pulses.
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The pulses leaving one cavity can then be used as the input into other cavities to further
stretch out the temporal profile of the laser pulse. Figure 2 shows a schematic of pulse-stretcher
using three combined ring-cavities (1, 2, and 3). Each subsequent optical cavity divides an input
pulse into multiple output pulses in the same way as the first cavity as shown in Fig. 1, with opti-
cal delay times given by: 7, %, 7, respectively. The multiple pulses created by these three cavi-
ties are subsequently recombined (a superposition in space and shifted in time) by the final beam
splitter into an aggregate of many pulses, which appear as a single pulse with a longer temporal
width. In general, subsequent cavities have shorter delay times (7; > 7 > 73) to produce an ag-

gregate series of pulses that appear to be one.

Temporal Profile

The analytical model of the pulse-stretching process is based on Figs. 1 and 2. In order to simu-
late the temporal evolution of a laser pulse through the optical system, we first assume a Gaus-
sian temporal laser pulse shape for the purposes of demonstrating this model. Although any arbi-
trary laser pulse shape can be used (through a fitted function), a Gaussian was found to closely
approximate an injection-seeded QS laser pulse and is by definition, normalized. The instanta-
neous laser pulse power is then given by:

qg(t)=E (D

Jnd, d

t

2@ _[2 ln(2)-t]2

where ¢(#) has units of [J/s] or [W], and ¢ is the time [s], E is the laser pulse energy [J], d; is the

temporal width of the laser pulse at full-width-half-maximum (FWHM) [s]. In order to general-
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ize the model for an arbitrary laser pulse width, we then define the following non-dimensional

parameters:
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where y is the non-dimensional time; A is the non-dimensional laser energy, Ey is normal unit

energy [1J]; Py is the unit-laser power based the laser pulse width d; ; At; is the round-trip propa-
gation time for cavity i (“delay time”) [s]; 7 is the non-dimensional delay time for cavity 7 ; At;;
is the propagation time of light from cavity j to & [s]; and 7 is the non-dimensional transit time
from cavity j to k. Using Eqns. (2a-2c) and normalizing Eqn. (1) by Py following g(x d,)/Py =

O(x), we can rewrite Eqn. (1) in non-dimensional form as:
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0 sLﬁ@exp[— @ af] 3)

which expresses the non-dimensional instantaneous laser power as a function of the non-
dimensional time %. If we follow the path of a light pulse through the optical cavity shown in

Fig. 1, we can see that the instantaneous output pulse power from cavity 1 (i = 1) is then given

by:

Initial Reflection 1" pass 2" pass n™ pass

A e R LA
S N e - —

D1 (X) = Rgs D(X) = (1 R RBs )ZQ(X —Tl) = (1 iy RBS )2 RBS Q(X_ 21:1) st (1 e RBS )ZRBSH—IQ(X— n‘rl)

=Ry 00D +(1-Rgs)* Y R0 —n7)

n=1

4)

where 7j is the non-dimensional delay time for cavity 1, and N is the number of round-trips of
the laser pulse inside the cavity. Dy(x) = Q(y) for i = 1. D;(y) then also represents the input

pulse for the second cavity (i = 2). Similarly, the instantaneous non-dimensional laser power

from cavity 2 is then given by:

N
D,(X) = Rgs D, (- T,,) + (1 - Rgs)* Y, Ry" D[y~ (1., +mt,)] (5)

m=1

where 7 is the non-dimensional delay time for cavity 2, and 7j ; is the transit time from cavity 1
to cavity 2.
Eqns. (4 & 5) show a pattern that permits us to describe the instantaneous non-dimensional laser

power from an arbitrary cavity 7 using the following recursion formula:

D;(X) = Ry Di-l (%~ Ti—l‘i) + (1= Ry )2 2 RBsk_lDz—l[X T (Ti—l,i +k )] . (6)

k=1
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where 7p; = 0 for i = 1. By substituting (i = 3) into Eqn. (6), we produce an equation that de-
scribes Ds(), the instantaneous non-dimensional laser pulse profile of the final output from the
3-cavity pulse-stretcher system (we call the output of cavity 3 the “stretched-pulse”). Note that
Eqn. (6) permits us to model a pulse-stretcher with an arbitrary number of optical cavities. For
the purposes of most calculations, a cavity round-trip value of N = 10 was found to give a good
approximate convergence of the above summations, that is N = 10 was sufficient to dissipate
Q(x). Although the analysis is non-dimensional, there are some parameters that eventually need
to be evaluated based on real physical constraints such as the cavity-to-cavity propagation times
as defined by Eqn. (2e). In the following calculations, we used 73, = 0.18, and72 3 = 0.13 as ini-
tial inputs unless another number was described. Note that the results of the analysis can easily
be converted to real temporal units [s] by applying Eqn. (2a). That is, the non-dimensional axis

() represents actual time units in multiples of the FWHM of the input laser pulse width [s].

Spatial Profile

A precise alignment of the optical ring-cavities in the pulse-stretcher is required to realize the
best performance from the pulse-stretcher. However, in practice, it is difficult to align such a
system perfectly by hand. Thus we need to estimate the effect of optical misalignment and shot-
to-shot beam pointing instability on the pulse-stretcher performance in terms of the spatial pro-
file of the resulting output pulse. We now examine how the spatial profile of the output pulse is
affected by small angular deviations in the optical alignment, beam pointing stability and beam
divergence. From Fig. 3, we can see that in the case of small deviations in the alignment of a

mirror by an angle + §, will produce a lateral spatial displacement of the output beam profile by

+ L tan(d) for a single round-trip of path length L. Note that  may have resulted from either
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shot-to-shot beam pointing instability, or from a misalignment in one of the mirrors in the cavity
which causes a successively larger lateral spatial shift in the position of the beam upon every
round-trip inside the cavity. Moreover, the laser beam divergence represented by 60, causes a
gradual expansion of the beam diameter which grows with each round-trip within the cavity.
Thus, the output beam diameter with a long optical propagation distance will be significantly
larger than the input beam diameter purely from the effects of finite beam divergence as shown
in Fig. 3. Thus the deviation angle §, and beam divergence O causes the spatial profile of the
output beam to spread dramatically after passing through the pulse-stretcher.

We examine these effects numerically (assuming radial symmetry for simplicity) with the
same model used for the temporal pulse profile but converted to the spatial domain using geome-
try and a tan(0) transformation. First, the one-dimensional spatial profile of an original laser

pulse (assumed to be a Gaussian function in space) is defined as:

q(r,L)=E

2
2@ _[ 2n(2) - ] ’ &

Jr(2tan-L+d,) (2tanf-L+d,)

where g'(r, L) has units of [J/cm], and r is the radial position [cm], E is the laser pulse energy [J],
d, s the initial diameter of the original laser pulse at FWHM [cm], O is the beam divergence half-
angle [rad], and L is the optical propagation distance [cm] (initially zero). In a manner similar to
the previous temporal analysis, we then define the following non-dimensional parameters in or-

der to generalize the results based on the spatial FWHM of the original laser pulse:

I

p ; (8a)

2
dl'
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S —— ; (8b)

L,=—% , (8¢)

where p is the non-dimensional radial position; Zi is the non-dimensional optical propagation
distance for cavity i (initially zero); AL, is the optical propagation distance between cavity i and
cavity j [ecm]; l~,j_k is the non-dimensional optical propagation distance between cavity j and cav-

ity k. Using Eqns. (2b & 8a - 8c), we recast Eqn. (7) in non-dimensional form as:

Q(p,L)=A 9)

2./In2) 2fin2) p )
= 2,9 e
Jn(2tan®- L, +1) (2tan - L, +1)

From the recursion formula given by Eqn. (6), and given an incident laser pulse with a deviation
angle  [rad] with respect to the original propagation ray angle, the one-dimensional spatial pro-
file of the output pulse as a function of non-dimensional distance p, from an arbitrary cavity i,

would be then given by the following recursion formula:

N
D{(p , ¥)) = Rys D, (P,¥;,0)) + (1 = Ryg )’ ERBS"#ID:',—I[p —(=D" ¥, tand, ¥,] (10)

n=l1

where ¥; is defined as equal to nlji 4 Zi_,_i, the non-dimensional intra-cavity propagation dis-
tance, and D o(p,%¥;) = Q(p, Z,. ), and ZOJ =0 fori=1. If we substitute ( = 3) into Eqn. (10) we

get a relation showing D 5(p, 1; ), the non-dimensional spatial profile of the stretched output
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pulse. The non-dimensional profile is easily converted to real units [J/cm] by applying Eqns. (2b

& 8a).

NUMERICAL OPTIMIZATION

For the purposes of optimizing the pulse-stretcher, we first assume a 3-cavity arrangement so
that other parameters .can be optimized initially. The pulse-stretcher described above has several
parameters that can be varied, these include: (1) ratio of delay times for each cavity, 71:%: 73 de-
termined by the optical propagation distance in each cavity; (2) the delay time of cavity 1, 7 as it
relates to the laser pulse width; and (3) the beam splitter reflectivity, Rgs . Once these parameters
are optimized, we will then examine the last parameter, (4) the number of optical ring-cavities.
We now examine each parameter to optimize and determine the ideal pulse-stretcher configura-

tion.

Effect of Cavity Delay Time Ratios

In order to examine the effect of the first parameter, the ratio of delay times on the efficacy of the
pulse-stretcher, we try different combinations of cavity-delay ratios. Figure 4 shows the output
pulse shapes from the pulse-stretcher for different ratios of delay times, 7i:7:73. A pulse in the
case of 71:7:73 = 4:2:1 has a relatively smooth shape and lower peak power than others. Shapes
of other pulses are highly distorted or bunched-up and oscillating. This result shows that delay
time ratios which double in geometric progression, that is 7j:7: 3 = 4n:2n:n (where n is integer),
are best to recombine multiple pulses into a smooth single output pulse. From Fig. 4, it can be
seen that using the proper cavity-delay ratios is critical in creating a smooth output pulse with the

lowest possible peak power.
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Effect of Delay Time

We now investigate the effect of the second parameter, the delay time length on the efficacy of
the pulse-stretcher. Figure 5 (a) shows variation of the peak laser power as a function of delay
time. Fig. 5 (b) shows variation of the temporal pulse width of output pulses with changing of
delay time, 7; from 1.0 to 7.5, and also shows the temporal pulse shape forzy = 6.5 case. Here,
the temporal width (FWHM) makes sense for “Gaussian-like” pulses, but not for highly distorted
of oscillating pulse shapes such as shown in Fig. 4. So we choose the 1/¢” standard for defining
laser temporal pulse width for more consistency between different types of pulse shapes. As
shown in Fig. 5 (a), the peak laser power decreases with an increase in 7; but it does not change
very much past a 7; value of about 4. Note that the pulse width increases with an increase in the
value of 7;. However, when 7; > 5, the stretched output pulses do not recombine into a smooth
pulse, but instead appear highly distorted in shape with multiple peaks that are over twenty times
wider than the original pulse as shown in Fig. 5(b). As a result, a non-dimensional delay time of
approximately 7; = 4 appears to be ideal for delay of the first cavity of a 3-cavity pulse-stretcher
system. Based on this finding, and the fact that a 4:2:1 ratio for the different cavity delay times
is best, we can see that the optimum pulse-stretcher cavity lengths (and delay times) are dictated
completely by the input pulse width of the laser source. Thus, the shortest stage of the pulse-
stretcher cavity should have a round-trip propagation time equal to the laser pulse temporal width
d, (FWHM) [ns]. Accordingly, subsequent longer-delay time cavities should double in geomet-

ric progression.
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Effect of Beam Splitter Reflectivity

We now look at the effect of beam splitter reflectivity on the performance of the pulse-stretcher.
Figure 6 shows variations of the peak pulse power and the temporal width of output pulses with
changes in the reflectivity of beam splitter, Rgs from 10% to 80%. From Figs. 5 and 6, it is clear
that for an Rpg value of approximately 40% yields the best combination of lowest peak laser
power and shortest overall pulse width. A short overall pulse width is desirable to minimize the
optical cavity length. Thus, a 3-cavity optical configuration with the following parameters re-
sulted in the optimum pulse-stretcher performance: delay time ratios 7i: 7: 73 = 4:2:1, initial delay

time 7; = 4, and beam splitter reflectivity Rgs = 40 %.

Effect of Number of Cavities

Although for all the above calculations we have assumed a 3-cavity system (for the purposes of
minimizing the physical size of the pulse-stretcher), we now consider how additional cavities in
a pulse-stretcher affects the temporal profile of the stretched-pulse. Figure 7 shows the calculat-
ed laser pulse profiles for an original input laser pulse, O(y) and the three different stretched out-
put pulses: D(y) from a 2-cavity pulse-stretcher with 71:7%> = 2:1 (77 = 2) based on Eqn.(5); D(y)
from a 3-cavity pulse-stretcher using the optimized optical parameters determined from the
above exercise (71:72: 3 = 4:2:1, 7; = 4); and D(x) from 4-cavity pulse-stretcher with (71: %: 73: 7 =
8:4:2:1, 1 = 8) based on Eqns. (3 - 6). From Fig. 7, we can clearly see that each additional cav-
ity produces a longer and lower peak power stretched output pulse. We can also see that the op-
tical configuration of the pulse-stretcher (via number of cavities, ratio of delay times, beam split-

ter reflectivity) permits us to manipulate temporal profile of laser pulse in many different ways.
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However, the optical propagation distance becomes longer according to the total delay
time of all cavities (i.e. 7j+7%+7+....), so a 4-cavity pulse-stretcher will have beam divergence
effects that become increasingly worse compared to a 3-cavity system. Furthermore, a 4-cavity
system needs more physical area. For example, a 4-cavity system would require a 19.2 m long
cavity-1 for an original laser pulse width d, of 8 ns (FWHM). This kind of optical table space is
prohibitively expensive (or unavailable in most laboratories). Thus, we chose 3-cavity arrange-
ment for implementation based on a tradeoff between minimizing the size of the pulse-stretcher
and the requirement that we reduce the peak power to 0.10X. Additionally, the 3-cavity system

provides a relatively smooth and continuous output pulse profile (in time).

Spatial Profile Sensitivity

Figure 8 shows the one-dimensional spatial profiles of the stretched-pulse including the effects
of beam deviation and/or beam divergence as calculated from Eqn. (10). Here, & is assumed to
be 25 urad based on the shot-to-shot beam pointing stability of a typical commercially available
pulsed Nd:YAG laser, and the beam divergence, 0 is assumed to be 250 prad for the same prod-
uct. From Fig. 8, we can see that beam deviation angle resulting from pointing instability does
not significantly affect to the spatial profile of the output pulse when compared with the beam
diameter. However, the beam divergence causes a significant spread in the spatial profile of the
output pulse; the pulse spatial profile width at FWHM is approximately 2X the size of a beam
that does not go through the pulse-stretcher system. This result indicates that stretched laser
pulse diameter is significantly enlarged, and in theory, can affect the spatial resolution of the sys-
tem in which it is implemented. However, in actual use, it really depends on how the stretched-

pulse is eventually focused in the actual probe volume.
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EXPERIMENTAL

A goal of this study is develop a pulse-stretcher that produces a smooth, low-power Q-switched
pulse that lasts at most, several hundred nanoseconds to permit sufficient temporal resolution for
single-shot SRS measurements in subsonic flows. Another goal is to develop a pulse-stretcher
that prevents laser-induced plasma generation. The laser-induced dielectric breakdown threshold
for air at pressures ranging from approximately 1 to 4 atm using Q-switched Nd:YAG laser at
532 nm is of the order 10" to 10" W/cm® (with a negative pressure dependence).'® Thus, the
peak laser power needs to be kept below 0.08 GW in order to focus the laser beam down to a 0.1
mm diameter spot without generating a plasma spark. However, a more stringent requirement
exists even prior to the smallest diameter beam-waist: preventing damage to optical win-
dows/components in the focused beam path. The damage threshold of commercially available

fused silica windows is ca. 1 GW/cm®

. Often, long focal length (> 500 mm) lenses are used to
focus the beam into the probe volume in order to produce a slender 1-d ‘pencil-like’ probe vol-
ume for the purposes of line-imaging. This produces a rather small beam diameter at the loca-
tions where the beam traverses an optical window, typically of the order 1 to 2 mm in diameter.
Thus, the peak laser power must be kept below 0.02 GW if we wish to send a 1.5 mm diameter

beam through fused silica. In short, we need to keep the laser peak power well below 0.02 GW

to prevent window damage and to prevent plasma spark generation.

Experimental Apparatus and Measurement
Figure 9 shows the optical layout of the pulse-stretcher used in this study to experimentally ver-
ify the analytical model. This arrangement employs three optical ring-cavities (1, 2, and 3) di-

vided by three beam splitters. Here, the longer cavities are achieved by folding the optical path
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with mirrors while still retaining the right-triangle arrangement. This particular design consists
of eleven 0° incidence angle mirrors, five 45° (S-polarized) incidence angle mirrors, and three
45° (S-polarized) incidence beam splitters (partial reflectors). Note that the use of the right-
triangle cavity arrangement permits us to use off-the-shelf optics for high efficiency reflection at
angles close to 0° and 45°. Cavity 1, 2, and 3 perform three optical delays given by: 7;, 7, and
73, respectively. Each delay time is equal to the propagation time of the light across the optical
propagation distance [cm], L;, L,, and L3 in each optical cavity. Note that extra attention has to
be paid to using kinematic mirror mounts that are mechanically stable and possess a high degree
of adjustment resolution in order to achieve the most reliable and trouble-free pulse-stretcher.
Figure 10 shows the simplified schematic illustrating how the pulse profiles were meas-
ured after each stage of delay. By simply inserting beam dumps at the locations shown, the fol-
lowing 4 cases were obtained: g(f) the reflection-only output pulse representing the original
pulse, D(7) the output pulse from cavity 1 only, D,(#) the output of cavities 1 and 2, and Ds(r) —
the final stretched-pulse with no cavities blocked. All measurements were performed with the
same optical layout and components as shown in Fig. 9, with the only differences implemented
by blocking different cavities as shown in Fig. 10. This permits the relative intensities between
the stretched and un-stretched pulses to be compared quantitatively. An injection seeded, Q-
switched Nd:YAG laser (Spectra Physics, Quanta-Ray Pro-290) operating at 532 nm with about
1000 mJ/pulse was used as the laser source. The laser temporal pulse width was measured to be
8.4 ns (FWHM). The injection seeding feature is not required, but helps to produce a smooth
pulse shape that is easier to model analytically (with a Gaussian function) and has better pulse-
to-pulse energy stability with less timing-jitter. The stretched laser pulse emitted from the pulse-

stretcher is directed onto a flat black-anodized aluminum plate which served as a beam dump.
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The residual scattered light from the beam dump was attenuated using ND filters and detected
with a fast (1 ns rise-time) Si-PIN photodiode (Thorlabs, DET-210). Output photo-currents from
the photodiode, terminated into 50 €2, were recorded with 9-bit resolution at 2.5 G-samples/sec

using a digital oscilloscope (Tektronix, TDS-3032B).

Numerical Model for Experimental Comparison

In order to compare experimental results with calculated results quantitatively, we calculated the
stretched-pulse profile using the same optical parameters found in the experiment. For better
accuracy of the resulting output pulse, we added the scattering losses at the anti-reflection (AR)
coating surface (Lag) of the beam splitter, the reflectivity of the 0° mirror (Rmo), and the reflec-
tivity of the 45° mirror (Rmas) which were ignored in the previous equations. Thus, the following

“dimensional” equations were used to model the resulting stretched laser pulse based on Eqns. (1

& 4-6):

N
Dy(r) = (1_LAR)ZRBSQ(I)'*'(I_LAR)(I_RBS)ZZ[RM45(RM0)7}”RBsn_lq(t_”Tl) (1)

n=1

Dz(t) = (I_LAR)ZRM‘tSRBSDl (1 —le) e LAR (1- RBS)Z

< J m-1 12
E[RM45(RMO)3} RBS Dl[t_(Tl.Z +mTZ)] ( )

m=]

D;(1)=(1- L/&R)zRMsiSRBSDZ(t —Ty) + (1= Ly )1 — Ry X
y 4 (13)
Y [RusssRuso Ros' "Dyt — (x,, + k)]

=

1

where ¢ is the time [s]; 71, %, 7, 712, and 73 now have dimensional units of [s].
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For the experimental verification of the model, we used measured values for the follow-
ing parameters: E = 1000 mJ, d,=8.4 ns, 7 =352 ns, » = 16.7 ns, 53 =9.03 ns, 71, = 1.53 ns,
T3 = 1.10 ns, Rgs; = 40%, Rpsy = 41%, Rps3 = 40%. Note that the delay time ratio of the actual
pulse-stretcher was 7;: T2 : 13 = 3.9 : 1.9 : 1 (close to the ideal 4:2:1 ratio proposed in the previ-

ous section). The manufacturer’s quoted mirror performance figures were used for the remaining

parameters: Lag = 0.25%, Rvo = 99.5%, and Ryas = 99.0% (CVI, Y2-Series high-energy mirrors).

Quantitative Laser Pulse Analysis
Quantitative comparisons of the measured versus calculated pulse-stretcher profiles were real-
ized by correcting the measured photodiode photocurrents against the optical transmittance of the
series of beam splitters and mirrors. That is, the measured intensities of g(7), Di(#) and Dy(7)
given by Eqns. (1), (11), and (12), respectively were attenuated due to passage through the beam
splitters (BS;, BS; or BS3) and mirrors (M; or M,). Thus, we corrected the measured intensity of
q(1) by 1/, where «is the throughput efficiency of optics in Fig. 10, given by (Rgs; - Rmi * Rpsa
Rwmaz - Rps3). Here R; denotes the actual reflectivity of each beam splitter or mirror directly meas-
ured by a calibrated pyroelectric laser energy meter (Molectron, J25LP-1) used with the laser
operating in a long-pulse mode (ca. 2 mJ/pulse) to prevent damage to the energy meter. In the
same manner, the measured time-varying power of the pulse represented by D,(f) was corrected
by 1/, where fis given by (Ruv; - Rps2 * Rv2 * Rps3) and the measured intensity of D,(r) was cor-
rected by 1/y, where yis given by (Rm2 - Rps3). For the throughput efficiency of Ds(t), all optics
used in Fig. 9 were included in Eqn. (13).

All experimental data were calibrated using the scaling factor, 7, where 7 is the conver-

sion factor from photodiode voltage (across 50 Q) [V] to laser power [J/s] for the present ex-
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perimental condition, to fit the peak power point of the measured original pulse, ¢(7) to the calcu-
lated laser pulse,. The measured g() signal was calibrated by delaying the signal during process-
ing by (712 + 73) to compensate for the fact that ¢(r) was measured just after BS; while the cal-
culated ¢(r) means the one just before BS;. Thus, a quantitative representation of laser power

versus time for the experimentally measured stretched-pulse was achieved.

RESULTS AND DISCUSSIONS

Figure 11 shows the measured average and envelope temporal profile of the stretched-pulse for
256 shots. A relatively high variation in laser intensity of + 21% against the mean value was ob-
served for the period from 40 to 85 ns and variation of + 15% was observed at the maximum
point of intensity profile at 49 ns. These variations indicate that a factor of safety at least 15 %
should be provided when selecting optical components such as mirrors or windows in the beam
path following the pulse-stretcher, that may be damaged by higher peak pulse intensities. This
factor of safety should also be included in the design of the minimum diameter of the beam waist
to prevent optical breakdown of the gases at the focal point. This variation results partly from
laser energy stability of + 3%, and mainly from effects of minor optical cavity misalignment,
shot-to-shot beam-pointing stability, and beam-divergence as shown in Fig. 8 which cause laser
beam clipping at the edge of optics.

Figure 12 shows the comparison of measured temporal profiles (dotted line) of the origi-
nal laser pulse and output pulses from the pulse-stretcher with numerically calculated profiles
(solid line). As a result, the measured pulses for g(7), Di(), D,(t), and the stretched-pulse, Ds(7)
show excellent agreement with the calculated pulses on overall shape. Figure 12 shows the evo-
lution from a single original short pulse to a stretched-pulse. First, a single 8.4 ns-long FWHM

pulse, g(1), is divided into approximately six smaller pulses by cavity 1, shown by D;(f). Then,
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the output of D,(¢) is divided to about eleven smaller pulses by cavity 2, shown by D,(¢). Finally,
the final pulse-stretcher output produces a much longer continuous pulse that is over 150 ns wide
(approximately 75 ns half width) and reduces the peak laser power down to 0.011 GW from 0.11
GW, or 10% of the initial peak power. From Fig. 12(d) the stretched-pulse was found to main-
tain 82% of its initial laser energy by direct numerical integration of the experimentally meas-
ured stretched-pulse laser signal. This throughput efficiency value agrees extremely well with
the result of 83 £ 5 % as directly measured by the pyroelectric energy meter (which does not ac-
count for the temporal shape of the pulse). This remarkable agreement shows that the calibration
procedure outlined above indeed permits an accurate and quantitative comparison of the meas-
ured to calculated instantaneous laser power.

The inset curve in Fig 12(d) shows that the detailed profile of the experimentally meas-
ured stretched-pulse almost completely matches the calculated pulse for the period from O to 50
ns. However, the experimental data is about 25 % lower than the calculation in the decay curve
portion of the pulse (after 80 ns) because of the combined effects of beam divergence and beam
pointing instability as discussed previously. This effect becomes more prominent for the pulses
that travel longer distances as the third and later peaks in the measured D,(7) and D,(¢) profiles
show slightly lower power than calculated profiles — the energy is simply lost due to beam clip-
ping resulting from misalignment and divergence. Consequently, the experimentally measured
stretched-pulse energy of 822 mJ is approximately 8% lower than predicted best total pulse en-
ergy of 933 mJ (limited only by mirror and beam splitter losses). This level of discrepancy is
relatively minor and the accuracy of the model is sufficient for the purposes of designing and
predicting pulse-stretcher performance. The majority of the energy losses result primarily from

the limitations in the manual-alignment of the pulse stretcher system, and from the beam diver-
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gence which causes beam clipping losses when the spatial profile of the beam exceeds the di-
ameter of the optic component. We used 50 mm diameter optics for all mirrors and beam split-
ters in this study; with the 45° beam splitter, the clear aperture is reduced by 1N2. However, an-
other option is to use larger diameter optics (say 75 mm) that reduces the effects of beam-
clipping resulting from beam divergences. However, the cost of the optics become increasingly

prohibitive with such large diameters.

CONCLUSIONS

In this paper we described a simple and passive ns-long laser pulse-stretching system using mul-
tiple low-finesse optical ring-cavities utilizing a partially transmitting beam splitter. We mod-
eled the pulse-stretching process with an expression that can be used to describe a pulse-stretcher
containing an arbitrary number of optical cavities. Using the model, we optimized the design of
a pulse-stretcher system suitable for use in a spontaneous Raman scattering excitation system
that avoids the problematic laser-induced plasma spark problems that often accompany Q-
switched Nd:YAG excitation sources. From the optimized design, we experimentally demon-
strated and verified the model with a 3-cavity pulse-stretcher system that converts a 1000 mJ, 8.4
ns-long laser pulse into an approximately 150 ns-long (75 ns FWHM) output pulse with a peak
power reduction of 0.10X, and an 83% efficiency. We found excellent agreement between
model and experiment for the overall pulse profiles which indicates that the model can be used to
accurately predict the performance for other general multi-cavity pulse-stretcher designs for the
ns-long pulse regime. We also found that laser beam-pointing instability was a minor factor on

the quality of the spatial profile of the output pulse, rather, the laser beam divergence and cavity
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alignment were found to be much more critical. The following observations can be used as

guidelines in the design of an optimized pulse-stretching system:

1. The cavity length (and delay time) for the optical cavities is dictated by input laser pulse
width d; (FWHM) [ns], and the shortest cavity delay time should equal the laser pulse width;

2. Longer delay time cavities preceding the shortest cavity should double in geometric progres-
sion, thus, for a 3-cavity system a 4:2:1 ratio should be used;

3. The optimum beam splitter reflectivity for the lowest peak-power, yet physically shortest cav-
ity length is approximately 40%;

4. A 3-cavity system provides an approximate 0.10X reduction in peak power, with each addi-

tional cavity reducing the peak power by approximately an additional 50%.

This work was supported principally by the Ultra-Efficient Engine Technologies (UEET) Pro-
gram, and by the Zero CO, Emissions Technologies (ZCET) Program at NASA Glenn Research
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thors acknowledge the assistance of Mr. Raymond Lotenero in the construction of the pulse-
stretcher system and its infra-structure. The authors acknowledge Dr. Robert Barlow, Sandia
National Laboratories, Livermore CA, for his original design of the first pulse-stretcher of this
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FIGURE CAPTIONS

Figure 1: Schematic of the basic right-triangle ring-cavity used as a pulse stretcher. The input
laser pulse is divided into multiple smaller output pulses that are extracted through a partially

transmitting beam splitter.

Figure 2: Schematic of a pulse-stretcher using multiple partially-transmitting optical ring-
cavities (3-cavity arrangement). Legend: BS = beam splitter, M = mirror, 7 = a round-trip
propagation time (delay time) for each ring-cavity, 7 ; = propagation time between two cavities.

71 2 T 2 73 in this study.

Figure 3: Schematic of the basic pulse-stretcher model with spatial pulse profile effects, includ-
ing beam deviation, 8 and beam divergence, 0 (for cavity 1). Note that when & « 1, the optical

path length L =L = L". Legend: BS = beam splitter, M = mirror.

Figure 4: Calculated output laser pulse shapes for different delay time ratios, 7;:%:7:. Here, a
beam splitter reflectivity of Rps = 38 % was used and 7; + & + 73 = 7 was used as the constraint.

The ordinate of the graph A/y, shows the non-dimensional laser power.

Figure 5: Calculated variations in the output pulse power and width as a function of cavity 1 de-
lay times, 7;. (a) Effect on peak power, (b) effect on output pulse width. Here, the following
parameters were used: 71:7%: 3 = 4:2:1, Rgs = 38 %. Note that the inset figure on (b) shows a

pulse that has low peak power yet is highly oscillating in time and may be undesirable.
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Figure 6: Calculated variations in output laser pulse power and width as a function of beam
splitter reflectivity, Rps. (a) Effect on peak power, (b) effect on pulse width. 71:%: 3 = 4:2:1, 7y

=4.2.

Figure 7: Calculated output profiles of with optimized parameters in a 2-, 3-, and 4-cavity ar-
rangement. 772 = 0.1, 723 = 0.1, and Rps = 40 %. Integral of Q(y) or Ds(y) equal to A, that is
[0Go)d x = ID3(x)d y = A. Each additional cavity provides an approximately 0.5X reduction in

the peak laser power.

Figure 8: Calculated 1-dimensional spatial profiles of the stretched output pulse that include the
effects of laser beam angular deviation and/or divergence compared with a system that has “per-
fect alignment”. The graph ordinate, A/y shows the non-dimensional laser power. The original
laser beam is assumed to be spatially Gaussian with a FWHM diameter of one unit of p. § = 25
urad and 6 = 250 prad. Note that with “perfect alignment” both of & and 6 are equal to 0. The

integral of each profile equals A.

Figure 9: Schematic of the experimental layout of the 3-cavity pulse-stretcher used (each cavity
is delimited by the beam splitter). The whole system (for about 11 m optical length in the first
stage) can be assembled onto a standard 1.52 m (5 ft) x 0.91 m (3 ft) optical breadboard using

folding mirrors as shown.

26 For submission to Applied Optics



@

Kojima and Nguyen, Laser Pulse-Stretching. ..

Figure 10: Schematic of the experimental arrangement used for the pulse-stretching measure-
ments. In measurement of ¢(7), all cavities blocked; in measurement of D;(7), cavities 2 and 3
blocked; in measurement of D,(f), only cavity 3 blocked; in stretched-pulse measurement, no
cavities blocked. Legend: M; = mirrors, BS; = beam splitter, C; = ring-cavity, PD = photo diode,

BD = Beam dump, OSC = Oscilloscope, SP = Scattering plate (beam dump).

Figure 11: Measured temporal profile of the stretched-pulse output using the 3-cavity pulse-
stretcher shown in Fig. 9. The ‘Envelope’ shows shot-to-shot variations for 256 shots (from
minimum to maximum). The graph ordinate shows photo diode currents (V into 50 Q), repre-

senting laser intensity as a function of time.

Figure 12: Temporal profiles of measured and calculated laser pulses. (a) g(7): Original pulse, (b)
D (7): output pulse from cavity 1 only, (c) D(f): output pulse from cavity 2 (after passing
through cavity 1 and 2), (d) Ds(#): final output or ‘stretched-pulse’. Solid line (—) represents the
calculation and the dotted line (----) is experimental data. In both experiment and calculation, d, =
84ns, 1=352ns(71/d;=42), 51: %:3=39:19:1, 51,=1.53ns, 53 =1.10 ns, Rgs = 40
%. In calculation, N = 6 and E = 1000 mJ. The experimental data is averaged over 256 shots.
The output energy of both the measured and calculated stretched-pulses are obtained by direct
integration of the profiles in time. Note that the residual signal in the tail portion (30 - 45 ns) of
q(t) as measured in (a) is most likely the result of a minor electrical impedance mismatch which

shows up as a minor ringing.
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