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ABSTRACT

In this paper thermal blooming of focused single and multiple pulse lasers is considered. Experimental
procedures are described to characterize the reduction in far field irradiance observed for pulses whose
duration is comparable to and shorter than Ty, an acoustic transit time across a focal radius. Experimental
measurements of short pulse blooming (t < tug are compared with a scalar wave theoretical computer model
embodying the medium hydrodynamics. Agreement with the short pulse theory is genereslly good. An experiment
was designed to test the quantitative predictive capability of a steady state multiple pulse computer code.
Blooming of a multiple pulse beam was measured as a function of absorbed energy and spatial overlap of suc-
cessive pulses. With no adjustable parameters agreement between the actual measurements and those predicted
by theory is very good.

1. INTRODUCTION

In this paper we consider laboratory scale propagation of high peak power pulsed lasers through an
absorptive atmosphere. Thermal blooming - the reduction of irradiance in the far field resulting from the
refractive effects in the laser heated medium - is the limiting mechanism being addressed. As indicated in
the preceding paper, breakdown is the other primary limitation to pulse propagation.

Experimental procedures are described to characterize the far field irradiance or energy density dis-
tribution of pulsed lasers with and without an intervening absorptive atmosphere. Experimental data are
compared with appropriate theoretical models to demonstrate presert understanding of pulse blooming. Three
series of experiments will be described. Summaries of the first two with appropriate references have been
published (Kleiman, H., and O'Neil, R. W., 1973; O'Neil, R. W., Kleiman, H., and Lowder, J. E., 1974); only
material illustrative of the development of our understanding of efficient pulse propagation and its measure-
ment will be presented from these sources.

The first experiment, performed at 1.06 um, explored thermal blooming of pulses whose duration spanned
the time required to reach pressure equilibrium across the laser beam. A many times diffraction limited Nd -
glass laser beam was used to obtain data to compare with geometric eikonal models for propagation. In the
limits before pressure equilibrium is established along the propagation path (short pulse regime) and after
pressure equilibration is substantially complete (long pulse regime) the primary parametric dependencies were
verified. To test our theoretical understanding of short pulse blooming a high energy 10.6 um laser was
propagated in a geometry designed to produce significant blooming in times short compared a hydrodynamic
time Ty, the acoustic transit time across the smallest beam dimension. When the observed behavior was com-
pared with theoretical predictions of a computer model embodying the hydrodynamics of the medium, the agree-
ment was quite good.

In the most recent experimental study we considered a train of identical short 10.6 ym pulses propagating
through an absorbing medium in a controllable crosswind. The experimental geometry was designed using the
short pulse theory to eliminate significant single pulse blooming. Multiple pulse blooming results when
successive pulses overlap spatially. In the steady state limit the measured blooming was in excellent agree-
ment with quantitative predictions of a multiple pulse computer code constructed for this regime of multiple
pulse propagation.

2. TEMPORAL REGIMES OF PULSED BLOOMING

Early in the 1970's large scale COZINZ electric discharge lasers (EDL) operating at 10.6 um demonstrated
high pulse energies (> 1KJ) and good beam quality (Daugherty, J. D., Pugh, E. R., and Douglas-Hamilton, D. H.,
1972; Fenstermacher, C. A., Nutter, M. J., Leland, W. T., and Boyer, K., 1972). Prior to that time, the
lasers with highest available pulse energy were the large solid state oscillator amplifier chains operating
at 1.06 ym (Young, C. G., Kantorski, J. W., and Dixon, E. 0., 1966). The first blooming experiments designed
to examine pulse phenomenology were performed at 1.06 um with such a system. A temporarily smooth variable
pulse length (3-100 usec), variable pulse energy (20-100 J), many times diffraction limited (~50X) laser was
focused through one meter absorption cell containing 6 atmospheres of gaseous ammonia, a convenient absorber
at 1.06 ym. Thermal blooming was observed over a range of pulse lengths that spanned pressure equilibration
time across the laser beam. For times larger, than Ty, geometric (eikonal) models for blooming predict a
growth of the focal spot that depends linearly on the_absorbed energy as indicated in Equation 1. When the
pulse length ty < Ty the growth' is reduced by (tp/TH)2 as indicated in Equation 2.
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Here AS is the growth in focal radius, so. n is the index of refraction of the blooming medium, a, the linear
absorption coefficient (cm~1), P, the laSer power at time t, Z, the propagation distance, p, the medium
density, c,, the specific heat at mean temperature T, a, the aperture radius, and C, the sound velocity.
Figure 1 is a plot of the peak on axis irradiance &s a function of normalized pulse time for four constant
energy pulses having four different pulse times, 0.3, 1, 2, and 10 Ty. The basic prediction for long pulses
(t Ty) is verified in that the final irradiance is the same for the same absorbed energy. As the pulse
tign approaches Ty the magnitude of the integrated on-axis energy deposited at the end of the pulse increases.
At t, < Ty the final irradiance is significantly higher which is consistent with the (tp/tn)2 dependency
expr=OICd in Equation 2. This abrupt transition results from the inertia of the medium that causes a time
lag in the development of the pressure equilibrated index of retraction.

To measure the thermal blooming of a focused pulse simultaneous measurements should be made of the
bloomed and unbloomed irradiance distributions. In the microsecond and shorter time regimes discrete de-
tectors feeding parallel input data channels are usually required for adequate temporal resolution. If the
focal distribution falls smoothly and monotonically from a central peak, is spatially invariant shot-to-shot
and the redistribution in focal irradiance is symmetric, spatial resolution requirements on the detector
array can be relaxed.

Since these conditions applied in this experiment, a carefully registered 10 element photodiode array
with five elements in e~l focal diameter was adequate for the desired measurements. Location of the array
along the x or y axes was facilitated using photography. Bloomed and unbloomed distributions at each
energy and pulse time could be obtained on separate firings, the unbloomed distribution being obtained with
non-absorbing gas in the cell. Data in Figure 1 is a synthesis of a set of peak on axis irradiance measure-
ments.

3. BEAM DIAGNOSTICS FOR 10.6 um BLOOMING EXPERIMENTS

Performing an experiment at 1.06 um was relatively straightforward. Unfortunately, very little of the
well developed high irradiance diagnostic technology or equipment could be used at the longer CO; wavelengths.
A 10 um laser diagnostic approach was developed using coarse transmission gratings for high irradiance beam
splitters and attenuators (0'Neil, R. W., Kleiman, H., Marquet, L. C., Kilcline, C. W., and Northam, D., 1974).
Figure 2 is a typical diagnostic configuration now commonly used with high energy pulsed 10.6 um lasers. In
this illustration a high geometric transmittance (Tg = 90 percent) linear grating is used to sample a high
energy pulse. The peak irradiance of the primary beam (zero order) is attentuated to 81 percent ([Tclz) of
the unsampled incident beam, but 1s otherwise unperturbed. Energy, power, and focal distribution diagnostics
are performed in scveral of the numerous low Lrradlance diffraction orders. With proper sampling, many of
the monochromatic paraxial orders have a spatial distribution directly comparable to that of the unsampled
beanm.

Using this basic diagnostic approach, it was found that a large scale (1KJ) EDL's were capable of near
diffraction limited performance when they were operated with high out-coupled unstable resonator cavities.
In contrast to the many times (-~50X) diffraction limited glass laser mentioned above, with its smooth Gaus-
sian distributed focal distribution, the near diffraction limited EDL focal distribution is noticeably
structured, typically non-symmetric and has significant energy in the side lobes of the diffraction pattern.
To avoid_laser breakdown in the laboratory air, a highly probable occurance at 10.6 um when the power is
above 107 W/cm? and the pulse length is > 1 usec, long propagation paths (typically > 25m) are necessary to
bring these lasers to focus. In early technology lasers, little concern was given to stable platforms.
Consequently, the location of the focal distribution tended to move several millimeters between shots and
the focal distribution could change measurably during a set of measurements. To take these unavoidable
background factors into account, a single shot measurement approach was adopted that virtually eliminates
beam jitter in one direction and reduces it to : a half resolution element in the other. A series of slit
apertures are placed in a number of grating orders so that they are effectively contiguous across an appro-
priately normalized composite focal distribution. At small sacrifice of useful spatial information this
technique virtually eliminates beam jitter effects and the parallel input provides a complete beam measure-
ment for each laser firing.

Figure 3 is a schematic representation of this approach applied to a low resolution measurement of
E(x), the one-dimensional energy distribution in the unbloomed focal spot of 1 KJ EDL developed by AVCO
Everett Research Laboratory, Everett, Massachusetts, USA, (AERL). Linear apertures (2 x 0.2 cm) were
placed in the negative grating orders using a visible laser alignment techniqus. Placement uncertainty wvas
< £ 0.05 cm. Total energy in the scan format in each order was measured in the symmetric positive orders
with 2 ca square aperture pulse calorimeters. After corrections are applied for grating geometry effects
the fractions of the total energy in each order passing through its respective scanning aperture are discrete
points of the one dimensional energy distribution. Figure 4 is a plot of the normalized fractional energies
measured on 5 consecutive firings of the AERL laser. The solid curves are calculated slit scans of a dif-
fraction limited focal spot (B=l) and one whose linear dimension has been scaled upward a factor of 2 (B=2).
Generally, the beam quality is better than 1.5 using this criterion.

4. COMPARISON OF THEORY AND EXPERIMENT: SHORT PULSE BLOOMING (tp < TR)

Several investigators have developed theoretical models for short pulse blooming (Hayes, J. N., 1972;
Maher, W. E., 1972; Aitken, A. H., Hayes, J. N., and Ulrich, P. B., 1973; and Bradley, L. C., and Herrmann,
J.y 1973). To determine the predictive capability of the computer model developed by Bradley and Herrmann
of Lincoln Laboratory, an experiment was designed to measure blooming for t_ < Ty+ The measurement tech-
niques described above were used with the Lincoln Laboratory 500 J EDL as lgluntrntod in Figure 5. An un-
bloomed focal distribution is obtained using a linear sampling grating that separates the diagnostic side
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orders from the main beam before any blooming occurs. Here an energy distribution measurement is adequate

in the absence of blooming. Measurement of the bloomed beam cannot be made directly because the power den-
sity is too high. The bloomed focal distribution was imaged through a non-sbsorbing optical path and sampled
with a second grating located appropriately in the re-imaging path. Measurement of the instantaneous power
distribution was accomplished with parallel slit scan geometry similar to that described above (5 x 0.1 ca
apertures). Time resolved measurements were made with photon drag detectors modified for 5 cm aperture
operation.

Figure 6 illustrates a typical measurement of the peak power density of a bloomed pulse as a function
of time. The theoretically predicted power density measurements are plotted as a solid line for t, < 0.5 TH-
Included in the error bars are the effects of alignment uncertainty. It can be seen that the th‘ogcticul
model embodying the short pulse hydrodynamics describes the observed phenomena quite well. In this experi-
ment designed to produce a large amount of blooming it can be seen that the far field irradiance falls very
rapidly once it begins. This is a general characteristic of short pulse blooming. Exactly when the blooming
begins is primarily a function of beam geometry as it relates to the hydrodynamic time. To achieve short
pulse blooming on a laboratory scale, the focal spot diameter was as small as possible (~ 9 .3 cm) and the
peak focal irradiance was increased to very gear the clean air breakdown limit (~ 102 W/cm®) (Propagation
at irradiance levels greater than -~ 107 W/cm® was made possible by removing all particulates > 0.3 um from
the gaseous medium.) When the beneficial effects of medium inertia are used to advantage, i.e., a beam
geometry is chosen to maximize Ty, single energetic pulses can be propagated with very little irradiance
loss.

5. COMPARISON OF EXPERIMENT WITH THEORY: MULTIPLE PULSE BLOOMING

Given the theoretical understanding of single pulse blooming a next logical step is to examine the
propagation of a train of non-blooming pulses. Several investigators have developed theoretical models for
multiple pulse (Wallace, J., and Lilly, J. Q., 1974; Bradley, L. C. and Herrmann, J., 1974; Ulrich, P. B.,
1974) . Wallace and Lilly have described a computer model that treats each pulse individually and should be
generally valid for long and short pulses. For reasons of economy, other investigators have developed similar
but more restricted codes that yield substantially the same results in the steady state limit. In this sec-
tion an experiment is described that was designed to test the limits and accuracy of the steady state code
of Bradley and Herrmann of Lincoln Laboratory.

The steady state multiple pulse code considers a train of identical laser pulses propagating through
an atmosphere with specified absorption properties. The redistribution of irradiance in the nth pulse in any
plane along the path is calculated by propagating a non-blooming pulse through the index of refraction dis-
tribution left behind by the preceeding pulses that overlap its path. Steady state is defined when indepen-
dent calculations of the phase disturbance and beam irradiance along the beam become self-consistent. The
maximum value of the phase distortion is proportional to

4n(n - 1)aE 2 Zaxv
ey B (31-3)
pcPTutA vx

Here E, is the pulse energy, A, is the wavelength, a,, is the dimension of the beam aperture in the wind
directlon, v, is the laser repetition rate, V,, is the transverse beam velocity, and other symbols are de-
fined as in Equations 1 and 2. N, is called the overlap number since No = 5 indicates five laser pulses
occur within one flow time across the laser aperture. Nj is a measure of the strength of medium distortion
caused by a single pulse. The experiment has been designed to vary a, E, and Ny, independently at constant
Z. Each of these parameters have been varied in the computer code to de?ine an experimental parameter
space. Short pulse calculations were performed to insure that peak energy losses due to single pulse bloom-
ing were less than 5 percent. Because each pulse does not bloom during its own pulse time, time resolved
measurements are not needed and the blooming can be characterized by an energy distribution measurement.
Each pulse in the train is measured since the number of pulses required to reach steady state is not ex-
plicit in the code calculations. In practice steady state is reached 2 to 3 pulses after the nominal over-
lap number. The following conditions were established in the experiment:

. Negligible single pulse blooming

Uniform crosswind

. Maximum peak irradiance I,(z)< 107 W/em2, a > o.

. Negligible convection or conduction

« Broadband absorption

. Negligible cell effects (acoustics, turbulence)

. Low Fresnel Number, (Nr <10)

. Characterization of blooming by energy redistribution in a focal plane
beyond absorption cell.

The last item requires some explanation. To avoid prohibitive single pulse blooming with a laboratory scale
laser it was necessary to remove the depth of focus from the absorbing medium. Measurements were made in the
focal plane and compared to calculations of the exact experimental conditions.

Figure 7 is a schematic of the multipulse thermal blooming experiment. The 10.6 um multiple pulse
laser used in the experiments is a 1.6 liter EDL developed by AERL. For these experiments the laser was
adjusted to have a pulse length of ~ 5 usec (to prevent single pulse blooming), providing a pulse energy of
5-10J in a nominal 2 x 4 cm aperture. A summary of its characteristics is presented in Table I.

\
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TABLE I

MEASURED PARAMETERS: AERL MULTIPLE PULSE EDL
1. Energy/Pulse, Ep <7

2. Pulse to Pulse

Energy Variation A EP ~ % 10 percent

3. Laser Repition Rate, V 1 - 200 Hz
Variation in v ~ 1 percent
4. Pulse Length, :P ~ 6 usec
"S. Beam Quality, B <1l.2

6. Pulse to Pulse

Variation in B <10 percent

7. Aperture Dx x Dy 1.65x 3.4 cn

8. Pointing Stability
1) Translation <*¢ ‘'mm
2) Angular . ~ 150 prad

Pulge repetition rates were adjustable from 1 to > 200 pulses per second. The laser aperture was generated
by a novel off-axis unstable resonator developed by AERL to provide a good quality, reasonably uniform out-
put irradiance distribution without the central obscuration of the more familiar on-axis unstable resonator
(Phillips, E. A., and Reilly, J. P., 1974). The beam leaving the laser was immediately passed through a

2:1 focusing beam expander to bring a converging beam to the entrance of the cell comparable in size to that
leaving the laser. Beam scrapers were placed after the beam expander to define a rectangular beam with
vell-defined truncation. At the relatively low average power level of this laser, a salt beam-splitter
could be used to sample the laser beam before it enters the absorption cell. The absorption medium is con-
fined in an evacuable 458 ca long cell 50 cm in diameter closed by 25 cm aperture fast acting mechanical
shutters (FAV). The beam focuses 638 cm after entering the cell in a second section filled with particulate
free nitrogen - a non-absorbing gas at 10.6 microns. This feature prevents single pulse blooming in the
depth of focus and reduces the probability of dirty air breakdown to a negligible level when peak irradiance
levels exceed 107 W/cm2. Well mixed nitrogen and < 2 percent propane are used in the absorbing section as
a convenient nonsaturable absorbing medium., Mixed in nitrogen commercially obtained propane has a 10.6
micron absorption of about 104 cm=l torr~l. The exact cell transmittance is measured directly during the
experiment.

To examine the propagation characteristics of a train of focused, partially overlapping, laser pulses
as a function of overlap, a uniform reproducible wind or beam motion across the cell, was required. To
maintain precise control over the effective wind velocity, the laser besm was moved through a stationary g8s
by translating a precision corner reflector at constant velocity. As is illustrated schematically in Figure 8,
the incident beam snd corner reflector position are appropriate to the first in a train of short (Vv S usec)
pulses. During an interpulse time (10-25 ms) the reflector moving at velocity V_, has moved to a new posi-
tion where the next pulse in the train is depicted by dashed lines. The overlapping volume is illustrated
by the cross-hatched region. If there is no spatial overlap of consecutive pulses there is no blooming.
The extent of blooming increases with N,, the number of pulses overlapping at the cell entrance. Typical
No's in the experiment ranged between 1 and 10. To prevent convection from influencing the measurements

No/v was. < 0.2 sec. Typical v's varied between 20 and 100 Hz, and beam velocities were adjustable from S
to 75 cm/sec.

To measure the focal distribution of cach pulse in the moving multiple pulse beam, the basic re~-imaging
described above was used in a moving mirror imaging system designed to remove the effect of besm motion in
the measurement plane. The unit magnification image position of a moving focal point is spatially invariant
if the imaging mirror moves in the direction of travel at exactly half the beam velocity. Since a moving
corner reflector translates a beam twice its own velocity, spatial invariance of the bloomed focal dietribu-
tion is achieved by driving both corner reflector and imaging mirror at exactly the same velocity. Beam

-:tton due to the optical train external to the laser was less than : 0.1 cm (¢ 80 urad) at the detector
plane.

Bloomed beam diagnostics were performed in the diffraction orders of a 90 percent linear grating.
Five diagnostic orders are used to measure the energy transmitted through the cell, gross energy redistribu-
tion and beam motion via burn patterns, power as a function of time, and the x and y one-dimensional energy
distribution in the bloomed focal spot. The latter messurement is made with a multipulse pyro-electric
calorimeter array with 64, 0.1 x 1.5 cm elements. FPigure 9 is a schematic of the unbloomed focal distribu-
tion super-imposed on the array geometry. The array is capable of 1 KHz operation. A 32 element array of
identical design measures the unbloomed focal distribution of each pulse using the reflection from the salt
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wedge. Input energy and burn patterns are also measured in the input beam to provide cell transmittance
and beam motion data. In separate array measurements the irradiance distribution was measured at the cell
entrance. All data were available for real time observation and were tape recorded for computer processing.

To compare experimental data with computer code calculations the beam geometry and input aperture dis-
tribution must be properly represented in the calculatfons. In Figure 10 the dotted line is the one-dimen-
sional array scan of the input becam distribution at the cell entrance, in the wind direction. Generally,
this distribution was reproducible pulse-to-pulse and run-to-run. The solid line is a truncated Gaussian
distribution fitted to the measured beam half width. Truncation in X and Y was determined from the measured
zero's of the unbloomed far field diffraction pattern (x,, Yo). The gdotted line in Figure 11 is a plot of
E(x) measured at focus by the 64 element array [E(x) = I E, (k)tJﬁﬁ: E g: E(x,y)dy]. The solid curve is
the code prediction using the Gaussian approximation assuming diffraction limited propagation. Use of a
more detailed amplitude distribution produced results not measurably different from the approximate distri-
bution used for theory - experiment comparisons. In Figures 12a and 12b, the calculated (solid) and measured
(dotted) one-dimensional energy distributions, have been plotted for a single pulse after steady state for
No = (a) 2.41 and (b) 4.88 when Np = 45, Typically, the differences between theory and experiment are com-
parable to experimental uncertainty in a single measurement.

To address a comprehensive comparison of experiment with theory, measurements were made of the energy
redistribution over a range of absorption coefficients corresponding to cell transmittances of 83 to 47 per-
cent, pulse energies of 6 to 7 joules, and overlap conditions of N, = 2.35, 4.75, and 9.5 pulses per aperture-
clearing-time. Complete bloomed and unbloomed focal distributions were measured for each pulse. To charac-
terize the blooming with a single number the peak energy on a single 1x15 mm array element was chesen. To
reduce experimental scatter resulting from variations in pulse energy and/or beam quality the peak focal
energy measured in the bloomed pulse was normalized to the peak measured in the unbloomed beam. Overall
system response was determined from empty cell conditions. To define blooming for a given condition,
typically 3 pulses in each train were measured after steady state and averaged. At least two experiments
under the same conditions were always performed. Using this procedure successive measurements differed by
less than 5 percent.

During the data reduction process a source of beam motion originating at the laser was identified
that modified the nominal overlap number during the measurement period. This motion superimposed a small
(~ 3 cm/sec) velocity perturbation on the otherwise constant velocity crosswind ‘during the measurement
time. If we take this beam jitter effect into account in presenting data, the theoretical predictions
appear as bands indicative of a range in overlap numbers. In Figure 13 the peak energy normalized to un-
bloomed conditions, Fpk/Fo has been plotted as a function of Np. Experimental points are plotted with
maximum absolute error bars on the measured quantities. Although beam jitter effects are significant at
high overlap numbers in this small scale experiment, the blooming measured is generally in good quantitative
agreement with the theoretical predictions.

6. CONCLUSIONS

In the three experiments described above a logical progression is illustrated in the understanding
of thermal blooming limitations on pulsed laser propagation. As pulsed laser devices were developed appro-
priate propagation models were constructed. Experiments were designed to test these models on a laboratory
scale. In the earliest glass laser experiments gross parametric dependencies were verified: in the most
recent multiple pulse experiments the quantitative predictive accuracy of a well developed computer code was
determined. This paper demonstrates good understanding of pulsed thermal blooming phenomenology in several
key areas.
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Fig. 10. Plot of the mieasured laser aperture energy distribution in the wind direction
(dotted curve). The solid curve is a plot of the analytic distribution used to approxi-
mate the input aperture distribution in code calculations.
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Fig.11. The measured focal enerfy distribution using the calorimeter array is plotted
with a dotted line. The solid line illustrates the theoretically predicted measurement if
the analytic approximation in Fig. 10 is propagated to a diffraction-limited focus.
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Fig. 12(a,b). Comparison of the measured (dotted line) and calculated energy
distributions (solid line) for (a) No = 2.41; (b) No = 4.88 when Np = 45,
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Fig.13. Plot of the peak normalized energy density as a function of N for nominal Ng's
of 2.35, 4.75, and 9.5. Effects of laser beam velocity perturbations are reflected in the
width of the theory bands.
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