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ABSTRACT

I'his report covers work of the Optics Division at Lincoln Laboratory
for the period 1 January through 30 June 1974. The topics covered
are laser technology and propagation and optical measuremerts and

instrumentation.

Additional information on the optics program may be found in the
semiannual technical summary reports to the Advanced Research
Projects Agency.




AOIATUIIPS H Vi e s - . o

CONTENTS

Abstract i
Introduction vii
Reports on Optics Research ix
Organization xii
. LASER TECHNOLOGY AND PROPAGATION 1
A. Pulse Propagation 1
I i. Theory
2. Double-Pulse Propagation Experiment 7
B. Effects 9
1. Double-Pulse Impulse Experiments
¢. lLaser-Generated Electron Distribution
* in I'ront of Target 12
3. Fast Thermocoupling of Targets 15
; . C. Devices 15
! 1. HZ-HF Laser 15
i 2. long-Pulse HI" Chemical Laser 19
; 3. Eleciron-Beam-Initiated HF Laser 20
4. Y Electric Discharge l.aser 21
5. Progress in (.‘O2 Isotope Lasers 21
1. OPTICAL MEASUREMENTS AND INSTRUMENTATION 25
A. Interferometric Image Evaluation 25
1. 10.6-pm MTF Measurement 25
2. Visible Region, 600-Meter-Range
MT}F Measurements 27
b 3. Long-Path (Star-Source) Atmospheric
MTF Measurements 27
4. Wind-Tunnel MT1' Measurements 31
Conclusio:. 36
i B. Long-Path Monitoring of Atmospheric Carbon Monoxide
{' by a Tunable Diode l.aser System 37




INTRODUCTION

I. LASER TECHNOLOGY AND PROPAGATION

An analysis of the cffects of aerosol particle heating on laser beam propagation
has been carried out. The thermal blooming due to aerosol heating is shown to
be identical to molecular blooming and is characterized by the particle absorp-
tion coefficient o The Rayleigh-Gans scattering cocfiicient from the index

spheres is also calculated.

A mathematical expression is derived for the autocorrelation function of the
phase change due to an ensemble of aerosol particles which is subjectedto irra-
diation by a laser beam of finite wid‘h.

Initial experiniental results have been obtained on double-pulse thermal bloom-
ing effects which simulate the first two pulses of a slewed repetitively pulsed
laser. The results are compared with theoretical predictions and show qualita-
tively good agreement.

Measurements of specific focal spot impulse delivered to an aluminum target by
two CO2 laser pulses in air are reported, and delay times for recovery of spe-
cific impulse to single-pulse values were observed to be about 30 msec for the
case of no crossflow of air over the target.

The electron density distribution generated by a 10.6-um laser pulse focused to

106W/cm2 on an aluminum target was measured interferometrically.

An experimental program has been initiated to measure the heating of nuctallic
surfaces due to irradiation with 10.6-pm laser radiation in both the presence
and absence of plasma formation at the target surface. Preliminary surface
temperature measurements have been made with a copper target and fast thin-
film thermocouples.

The technique of direct electrical excitation of a HZ-HF gas mixture in order to
obtain high-power, long-pulse HF laser oscillation has been tried and found to
be successful. Unoptimized pulsed energy densities of 1.5 joules/liter were ob-
tained with pulse lengths variable from 1 to 4 usec.

An electron-beam-initiated long-pulse HF laser has been built and tested. Its
maximum pulse energies and widths to date have been 1 joule and 3 psec,
respectively.

Construction of an electron-beam-initiated HF laser was completed. Twenty-
joule pulses of 200-nsec duration were obtained.

The HF electric discharge laser was scaled up in both physical size and energy
input. Encrgy output was increased from 2.25 to 6.0 joules.

vii
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Microwave frequency counter measurements of difference frequencies between
stabilized 16'012(‘1“50 isotope and 12C1602 reference lasers were used to cal-
culate the band centers and rotational constants of 16012C18

16,13 .18

kliz. Numercus = O ~C "O laser transitions have also been observed.

O to within a few

II. OPTICAL MEASUREMENTS AND INSTRUMENTATION

The laboratory fast-shearing interferometer (FSI) was converted into an infrared
operating unit, and a test to check its operation at 10,6 pm with a (‘O2 laser was
carried out. In addition, a new engineered fast-shearing interferometer has

been used in several field experiments to carry out MTF measurements.

The engineered visible FSI was tested over a 600-m range with a laser source,
and a star source was observed from the ground, to obtain preliminary MTF
data along a variety of atmospheric propagation paths. The interferometer has
also been flown on the NASA AMES C-141 airplane, fitted to the 91.5-cm air-
borne telescope, and some star tests carried out to obtain flight MTF data.

In addition, several different wind tunnels have been invcstigated with the objec-

tive of determining which one or type might be the cleanest optically for future

‘optical propagation experiments.

These short preliminary experiments have resulted in the cellection of a large
amount of MTF data (over one million MTF curves) in a very short period of
time. A detailed analysis of the data has yet to be carried out, and will require
a considerable amount of time and effort. A brief outline of the results being
ohtained with the interferometer is reported here in order to demonstrate its
perfcrmance in a variety of field environments and to previde a "quick-look"

assessment of different atmospheric propagation conditions.

Long-path ambient monitorings of carbon monoxide have been accomplished with
a tunable PbSi_xSex(x = 0.185) diode laser system. The laser was operated in a
commercially available closed-cycle cryogenic cooler instead of the conven-
tional liquid-helium dewar. Field measurements of the CO levels were taken by
tuning the laser for resonant absorption s ectroscopy ata fundamental CO vibra-
tional mode in the frequency region o 2110 cm'i. The present system was
found to have a minimum detectable sigi:al for CO of 2.5 parts per billion (ppb)
over the 610-meter path. A similar system is being installed inside a mobile
van for participation in the first Regional Air Pollution studies by the U.S. Envi-

ronmental Protection Agency in St. Louis, Missouri.

viii
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l. LASER TECINOLOGY AND PROPAGATION

A. PULSE PROPAGATION
1. Theory

a. Effeets of Aerosol Partiele Heating on l.aser
Beam Propagation
An analysis has been carried out for the heating of atmospheric particulates due to absorption
of laser heam energy with conduction to the surrounding air. The effects of the hot air spheres
on beam propagation were evaluated by considering the scattering from the spheres and the ther-
mal blooming due to the gross pi:ase change of rays passing through many index spheres. The
details of the calculation will appear in PProject Report LLTP 27 (Ref. 1). A few of the mai! re-
sults are given below.

The equilibrium temperature of a spherieal particle of radius a is
-y . 1/2
E. = @00 + Ioa/ZrhoaTol

where we have assumed a temperature-dependent conduetivity.

The eharaeteristie equilibrium time for the particles is

41ra3CSpS
BAE (o) 3o
a
where

I = laser beam intensity

L particle absorption cross seetion

Ko = thermal eondurctivity of air at ambient temperature To
Cs = specifie heat of the partiele

pg = mass density of the partiele

Figures I-1 and -2 show values for Ta and = for carbon.
The seattering of radiation from the hot spheres was found to satisfy the eondition for

Rayleigh-Gans scattering theory which gave a volume scattering coeffieient

2 2 2 -4
. . 91erNoI Dt S-az 0,2 da
RG ~ 2. 22 2
2\ KoTo a, [1 + /ta/tl

where




=T, i

fQuin BRIuM TEMPERATURE T,

-

L]
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and
Ao + 1 = index of refraction of air
N() the coefficient in the aerosol size distribution
1D - thermal diffusion cocfficient of a'r
and

\ = lascr wavelength

An example of this scatiering coefficient for a carbon aercsol is showi i1 Fig.1-3.

8 ML CARBOM AEROSOL
A= B Sum

q._‘lcn"'l

1

tumel

Fig.1-3. The Rayleigh-Gans scattering coefficient for the index spheres around
a carbon aerosol as a function of time and for various laser intensities.

The average phase change of a ray at time t in passing through many spheres a distance
Az is

_————AZk%aa [(e(t/t ) - 1)lt " vl II
poCoTo H 6

hS]
|

where

k = the wave number

« = the aerosol absorption coefficient




i
[
i

Py = density of air

("0 = specific heat of air

and

¢ (t/t“) is a function which has the value t for

t<<t,and 0 fortz2 th

This phase change indicates that the thermal blooming due to aerosol heating is identicat to

molecular btooming in both the t” and t regimes and is characterized by the particle absorption

coefficient «_. . P
a D. K. Lencioni
tl. Kleiman

b. Statistics of Phase Distortions P’roduced by Lascr-lleated Aerosols

When we consider the propagation of a laser beam through an aerosol-laden (or fog-laden)
atmosphere, the problem separates into two parts: (1) the effect of the beam on heating the
particles and producing an index "sphere"” that expands around cach particle, and (2) the distor-
tion that the index spheres produce on the propagating radiation. The first part determines the
time evolution and magnitude of phase change contributed by each particte and is derived from
the physics of particle heating, evaporation, or explosion — whichever is the pertinent rigime.

This phase of the problem is being considered by others and will pe treated by us separately.
In this report we wish to document the mathematics on development of the autocorrelation func-
tion of the phase change of the individual particles. Contained in this derivation will be the tunc-
tions a(t) (vapor sphere radius) and An, whose values are determined by part (1).

For a calculation of beam distortion during propagation through an ensemble of index spheres,
we need to determine the average phase change due to an index sphere (or the ensembte) and the
positional autocorrelation function of the ensemble of spheres.

If we have a uniform index sphere (and ignore the obstruction of the particlte at the center
since this simply acts as an absorber and, in general, is smatll compared to the index sphere
size) whose phase change per unit length through it is k()An, then the phase change of a "ray"
passing through at a distance r from the center of the sphere is ZkoAn Jal - rZ. For future

reference we define the lourier transform, v(k), of this phase change
g ) KT ko= K S‘ ndz = 2k_An Jarent r<a (1-1)

in the plane transverse to the propagation direction, Then,

. =

(k) = ——1—2- § giks 2 2k An \/;2 - rz) rdrd¢
@ry
Ana3k j, (ka) 3
= ____0 Ji = _é!‘i.ﬂ_ (I‘Z)
- b4 ka ~ o 3w

where ji(ka) is the spherical Bessel's function and the last expression is the leading term of the
expansion in k. 1n the December 1973 Optics Research Report it (s shown that to first order this

spectrum agrees with the spectrum calculated from the scattercd wave, so using the geometric

optics approximation is appropriate.

i



We ean now find that the average phase change contribution of an ensemble of particles ran-
domly distributed over a path length 1. is determined by taking the product of the number of en-

counters per unit beam area and the eontribution per encounter to find
<k, S ndz> = (ra’LN_) (4/3 a&n) (1-3)

where the last term is determined by averaging the phase change over the index sphere cross

section

2rAn fo rz Ja“ - r° dr

= 4/3abn . (1-4)
2r fo rdr

One can equivalently add the l'ourier transform contributions in phase space and perform the

inverse transform:

-zoil, vor o0 aSAn
<k, ( ndzd = S N, S dryr; g dkk J, (kr) J, (kr) (252)
Z [¢] [¢]
[o]
z +1. oo 2 3
% s‘ ° N, ‘ dr.r. (Z:) 6(r —r.) (“—3%'1)
Jy Jo J) j J
(0]
=N i aBAmr
- !
N LV _an (1-5)
[¢] S

where VS = 4/3 1ra3 is the index sphere volume. Or finally one can use the probability distribution
that we shall next derive (in determination of the autocorrelation function) to arrive at the same
answer for the average phase change due to the ensemble.

We ask now what is the probability

I’E(n,x1 <X<Xy, ¥y <Y<Y,y 2y <z<z,)

that the random variable ¢, the number of particles in a given volume, takes on the value n in

the partieular volume
V= pxpyl, = (x2 —xi) (y2 —y,) (1.2 = z,) 3

We know from the nature of the model that the niean number of particles in a given volume V is

vy
"
8

nl’g(n.V) = NOV . (1-6)
0

n

If we make the assumptions that the number of particles in a given volume elenient is proba-
bilistically independent of the number in any other volume element and that the probability of
more than one particle being in an infinitesimal volume element dV = dpxdpyL is infinitesimally
smaller than the probability of one particle being in the same volume, this problem then beeomes
eompletely analogous to the ca3se of the one-dimensional Poisson distribution and the desired
probability is just
n .
(NOV) . NV i

P.(n V)=

£ n!




where V = p\(pyl,. (A convenient source for the development of the Poisson distribution is

presented on pp. 177-186 in Statistical Theory of Cearmunication, by Y. W, Lee, where thie sub-

stitution of Nn for k and ’)x“\'l‘ V' forr 7 should be made for our case.)

We now ask what is the autocorrelation function of the phase changes due to the index spheres
of these randomly distributed particles. Since the extent of the index spheres, and certainly of
the particles themselves, is small compared to the dimensions of the beam and propagation dis-
tances, one can consider the spheres to be delta functions in space for averaging over position
if one properiy takes into account the magnitude of phase change contributed by cach particle.

The corresponding autocorreiation function for two positions separated by a distance r is then

: 2 ¥ <« ) N : e NG
vir) - (\ SAn) & b3 xii*lj I u;z(‘ﬁ'*zj")
Jroe izew
. 2 © \ 5 , ,
Veany b} 8%z, Pygxgp) “.“(\Zil.\“.\) . {1-8)
i‘ - joew

We define the two-dimensional unit impulse function in the limiting sense; nanrely, it is a pulse
of constant height A and extent dp‘(ip\_, such that the area is a constant of unity as (i’)‘(ipv be-
comes vanishingly small

ar

Ad".\:d"y e =1 . (1-9)

dp_dp =0
NS

If we pick a given position, the probabilitv of a particle being in the differential volume element

and thus yielding an amplitude &y Ais
I’U‘A) N”dprpyl. (1-10)

and otherwise {1 is zero.
I'rom kq. (1-8), for r = 0, then

¢ (0) = x2

L2
pp 11 Cpgyy) (Vgon)

A 14 2
Alx\o(dpxd,zyl.)lA_,“(\ SO

1 ; 2
.\01_/\11\_,“(\ son)

ITe Wiy el ‘ :
N LV an) é(x)lx_.oé(\)ly,o (1-11)

where 6(x) and é6(y) are one-dimensional Dirac delta functions. I‘or r #0,

P =P ix

Pu'{i(xzj|x“;\')= PLIRER PN (1-12)

1i

by the assumption ¢~ independence of particles oceurring in different volume elements. Then
! by Eq. (1-8),




——

2 i
¢ pp'T) = AN (dpdp L) N (dp dpy 1)

2
(\ A“)

Ao
Adpx(l[)y=1

2
)

2 2
N( I. (\sAn) 5 (I-13)

The total expression for the autocorrelation function is then from ligs. (I-11) and (1-13)

e
54
i

2
[N Lot 86y + NELAT (v am? (1-14)

We recognize the last term as being the square of the mean phase change
1 2
: 2 - 2
- ] b ’ ! -
(k“ S ndz) = [\ L IR P I U(x“) 0o SAnl\ol,) : (1-15)
j=0

Therefore, the autocorrelation function of the fluctuations around the mean is given by

A . 2 sy
4 pp.(r) = an.é(x) oly) (Vsén) s (I-16)
[l Granek

2. Double-Pulse Propagation lixperiment

Initial experimental results have been obtained on Jduuble-pulse thermal blooming effects
which simulate the first two pulses of a slewed repetitively pulsed laser. ['igure 1-4 shows the

experimental arrangement. T'wo beams from two CO,, e-beam pulsed lasers were focused with

2
48-m optics at a diagnostics table. Side orders from two gratings were used to monitor pulse
energy, pulse shape, and beam quality. The two beams were aligned so that they overlapped

at the entrance of a 5-m, absorption cell containing a mixture of propane and .\'2 at atmospheric
pressure. last-acting valves at the entrance and exit of the ccll were used to contain the ab-

sorbing mixture. The energy absorbed from the first.pulse through the cell caused a local index
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Fig.1-4. Experimental arrangemen used in the double-pulse blooming experiment.
The beams were focused with 48-m optics at a diagnos*ic table. The two beams
were made to overlap at the entrance to a 5-m ahsorption cell which simultated a
pure slewing within the cell. An order from a grating at the exit to the cell was
placed on a 16 -element energy array to obtain the one-dimensional energy distribu-
tion of the hloomed heam.
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Fig.1-6(a). Experimental one-dimensional energy distributions of a bloomed
and unbloomed beam. (b) Theoretically generated distributions with the same
absorption conditions. Note the reduction in energy density and the shift of
the peak in the direction of slewing.




perturhation. The second pulse which was delayed 10-2 sec passed through the cell at a slewed
angle relative to the first pulse and resulted in a distortion of the focused beam, the extent of
which depended on the absorbed energy of the first pulse. Burn patterns were obtained for the
unbloomed first pulse and bloomed second pulse. Figure 1-5 shows a comparison of a bloomed
and an unbloomed burn pattern togetner with theoretically generated contours.

The second pulse passed through a grating after the absorption cell. A side order from this
grating was placed on a 16-element linear energy detector array to obtain the one-dimensjonal
distribution of energy in the bloomed beam. l'igure 1-6(a) shows energy array measurements
for an unblocmed pulse and a bloomed pulse for which « E1 2 x 10-2 J/em. The bloomed pulse
has shifted in the direction of slewing and from Fig.1-5 the focal pattern is in the form of a cres-
cent. ligure [-6(b) shows a theoretical comparison of a bloon.ed and an unbioomed pulse under
the same conditions as in the experiment. The fifth-order 120° aberration was introduced into

the code calculations in order to approximate the observed focal pattern (see Fig [-5). The

qualitative agreement is good in view of the difficulties of simulating the unbloomed distribution.
More detailed measurements are in progress with much better beam c¢uality which should facil-
itate the data comparison with the computer code results. Also, blooming data are being ob-
tained which simulaie slewing plus wind. These data will be reported at a later date.

R. W. O'Neil J. llerrmann
D. E. Lencioni L. Pettingill

B. EFFECTS
1. Double-Pulse Impulse Experimen.s

Measurements of specific focal spot impulse delivered to an aluminum target by two COz
laser pulses in air are reported. The dual 500-J COz laser system was used to provide two
coincident high-energy pulses with a variable time delay between them. Delay times for recovery
of specific impulse to single-pulse values were observed to be about 30 msec for the case of no
crossflow of air over the target.

The dual CO2 e-beam laser system described in Ref.2 has been used to investigate the phe-
nomena of multiple-pulse impulse loading of targets in the atmosphere. The optical arrangement
of the system is shown in Fig.I-7 where M3-1 an” M3-2 are 30-m focal length mirrors which are
aligned to provide coincident focal spots.

The wire diffraction gratings G1 and G2 were canted at an angle relative to each other so as
to separate the diffraction orders of the two laser beams in the focal plane. The individual laser
pulse shapes, energies, and focal spot energy densities were determined with photon drag de-
tectors. pyroelectric calorimeters, and thermally sensitive paper placed in the diffraction orders.3

The target for these experiments was a 1/2-inch-thick aluminum plate, in which a sensitive
pendulum, which was free to swing in a small hole drilled in the plate, was mounted. The focal
spots for the two lasers were aligned on the pendulum which was a 0.38-cm-diameter aluminum
rod, and the lasers were fixed with preset delay between the pulses. The pendulum was used to
measure the total specific impulse delivered to the target in the area of the focal spot.

The area of the pendulum rod was 0,11 cm2 which was about 1.5 times the half-power area

of the two focal spots. The measured specific impulse is given by

_ Idyn . sec
Is(taps) = _Lz_

At cm
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Fig.1-7. Schematic diagram of dual C()2 laser-optical arrangement.
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Fig.1-8. Specific impulse delivered to the focal spot as a function to total
energy for both single- and double-pulse irradiation.




where | is the total impulse transferred to the pendulum and At is the area of the rod. In
I'ig.1-8, the measured specific impulse is presented as a function of total energy for both singlc-
and double-pulse shots with various time delays as indicated. Tile solid line was fit to the single-
pulse data (solid symbols) and is given by

/
Iy sy’ (1-17)

where I is the energy in the pulse. l'or a fixed pulse length and focal spot size, this relationship
is the same as previously nuted4 where the impulse was proportional to the incident power density
to the 1/3 power. Lquation (1-17), then, implies that for two independent pulses, the total im-
pulse is given by

SIS SN R VA T LV 1 8
s s 1 r4

1 2
The double -pulse data for delay times of 15 to 300 usec shown in Iig.1-9 were plotted in the :orm
Is, + IS J IS and E1 + EZ = E. These data indicate that for L < 1 msec the two pulses are not
independent, but have the same effect as a single pulse with the same total energy, i.e.

s

: UL
lS b= (h1 + P.Z) . (1-19)

The data for delay times greater than 1 msec show an increased specific impulse for a given
total energy and indicate the two pulses are beginiiry w act independently. To show this effect

more clearly the dvuble-pulse impulse data were plotted in ncrmalized form in Fig.1-9. llere
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Fig.1-9. Normalized impulse as a function of delay time between laser pulses.
IS is the measurer] specific impulse and IS and ls are the specific impulses to

1
be expected from single pulses of energies E‘ and El'

Is is the measured total impulse and lSi and IS2 are the specific impulses to be expected from
single pulses with energies of I-I1 and EZ‘ The normalized impulse is plotted as a function of
delay time between the two laser pulses. These data show that the impulse "recovery" is not
complete for these conditions untll after a delay tinie of about 30 msec. The dashed line in
Fig.1-9 indicates the normalized impulse expected when the two pulses act as a single pulse,
i.e., when
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The long delov times necessary for the second pulse to act independently of the first, seem
to be due to partirulates, which are generated by the first pulse and act as breakdown triggers

in the focar volume when irradiated by the second puise. 1n 1'ig.1-10 typical streak photographs

.

DisTaNCE
o

TIME —
(b)

I'ig. 1-10. Streak photographs of (a) plasma front generated by pulse 1,
and (b) plasma front generated by pulse 2.

of the plasma-front motion for the first and second pulses are shown. The plasma-front niotion
away from the target for the first pulse is well behaved while for the second pulse several near
simultaneous breakdowns are observed away from the target surface. The experiments reported
here were done with no crossflow of air over the target. 1f the measurements were repeated
with crossflow, the delay time required for "recovery" should be determined by the time it takes

to clear the focal volume,
= (1-21)

where D is the focal spot diameter and v is the crossflow veiocity.

J. E. Lowder
L. C. Pettingill

2. lLaser-Cenerated Electron Distribution in Front of Target

In the preceding Optics Research ReportZ the environment in front of a laser-irradiated tar-
get was characterized using visible interferometry and 10.6-um crossbeam absorption. At the
time of publication few interferograms had been reduced via Abelian inversion to 2-dimensional

maps of optical refractivity, (n - i),/(n0 —1). In this section we have selected those data in which
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the incident flux levels were 1 to 3 X 106 W/cm?

or in the region where efficient thermal cou-
pling has been reported on metallic .:1rguls.5 Interferograms typical of this regime (I'igs. 1-37(a)
and (¢) in Optics Research Report 1973-2) manifest spherical symmetry for 2 < t < ~90 psec.
P’lots of the optical refractivity (n — 1) /(n, — 1) as a function of Z, the distance normal to the
target, characterize the entire hemispherical distribution. By combining data from instantan-
eous 2-dimensional interferograms and time-resolved streak interferograms the temporal evo-
lution and decay of the surface plasma has been characterized.

The observation and irradiation geometry is illustrated in ¥ig. I-11.  Threc-mm-thick
2 x 2-cm aluminum targets (uncleaned shop grade 2024) were used for all experiments. A typi-
cal laser pulse containing ~5 J in 40 to 50 pscc is illustrated in IYig. I-32(b) in Optics Research
Report 1973-2. The focal spot had a smooth profile with half-power diameter of 3.8 mm
(0.11 cmz).

IYigure 1-12 is a plot of (n — 1)/(n, — 1) as a function of Z for an average incident flux of
1.2 X 106 \Y cmz at 5, 10, 15, 25, and 35 psec from the beginning of irradiation. Plasma for-
mation occurred in <1 psec during the intial gain spike. This instantancous flux during the spike
is 2 to 2.5 times the average during most of the pulse. The regions of negative refractivity,
assumed to be purely electronic, are indicative of electron densities of ng ~ 2 to 4 X 1018 ('m-3
in a 3-mm sphere at 5 psec; at 25 and 35 psec, n, ~ 5X 1017 um-3 and the radius of the electron-
rich region has decreased from ~8 mm to ~5 mm at the longer observation time. In this irra-
diance regime the pressure wave generated at the target is a weak, nearly sonic (< Mach 2)
disturbance.

After the laser irradiation has been terminated, the electron sphere decays slowly lcaving
in front of the target a hot low-density air and target vapor sphere with ~5 mm radius for this
experimental gcometry. These conditions are illustrated in Fig. I-13 for observation times 8,

22, and 45 psec after a 45-psec irradiation at ~106 W 'cmz.

The complexity of the physical processes taking place at the target makes analytic compar-
isora with theory difficult. Stamm and Nielson have constructed a computer program to consider
a one-dimensional model of the laser target interaction in the thermal coupling regime (106 to
107 WB‘cmz) (Ref. 6). For an incident flux of 106 w ‘(‘mz they predict an electron dei sity of
~10-1 o

by the data for 10 and 15 psec in Fig. I-12.

-3 . . P e
m ~ extending ~7 mm from the target surface at 12 psec. This prediction is bracketed

The data presented above illustrate a tenuous relatively thin electron-rich region near the
2

surface of an aluminum target irradiated at 106 W/cm The pressure disturbance is relatively
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Fig.1-12. Plot of (n - 1/n, — 1)
as a function of perpendicular
distance from an aluminum tar-
get for observation times of 5,
10, 15, 25, and 35 psec after
beginning of laser pulse.
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weak (<Mach 2). It has been suggested that the presence of this electron-rich region explains
some observation of enhanced thermal coupling in the 1 to 5 X 106 W/cmz irradiance regime.

R.W. O'Neil H. Kleiman
D. Mooney L. Pettingill

3. Fast Thermocoupling of Targets

An experimental program has been initiated to measure the heating of metallic surfaces due
to irradiation with 10.6-pm laser radiation in both the presence and absence of plasma formation
at the target surface. A copper target has been fabricated in which four fast-response (~ 10 psec)
thin-film thermocouples were installed so that the surface temperature response of the target

could be measvred.

- '
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Fig.1-14. Surface temperature history of 1/2-inch-thick
copper target irradiated with a 10.6-pm laser pulse.

Some preliminary measurements of the surface temperature response in the absence of
plasma formation have been made. The copper target was irradiated with a constant power den-
sity of 3 X 105 W/cmZ for 32 psec. The measured surface temperature rev."nonse is shown in
Fig.1-14. The solid line is the theoretical surface temperature response wher. ‘he surface ab-
sorptivity was chosen so that the peak temperature was the same for the theory and experiment.
The surface absorptivity was approximately equal to 0.1 for this case.

Work is in progress on a computer program which will compute the actual surface heating
rate from the measured surface temperature response and will be reported in the future.

J.E. Lowder
D. L. Mooney

C. DEVICES
i. H,-HF Laser
a. Introduction

The objective of this project is to obtain a long-pulse (1 to 5 psec) HF laser with 1 tc 10 joules
of output energy. An additional requirement is that the laser be sufficiently rugged and safe that
it can be conveniently used for propagation or surface experiments.
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Fig.1-15. Schematic of experimental apparatus for H,-HF laser.
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Fig.1-16. Photograph of temporal evolution of laser (a) and sustainer
current (b). Pulse time scale is in 1 psec/div.
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In this report, we deseribe the experimental work towards developing such a laser. The
theoretical rationale behind our approach has been discussed in detail in the two previous Opties
Research Reports.

We wish to emphasize that our approach, e.g., use of a cold-cathade-electron beam-stabilized
discharge to pump an 112-17”' mixture, is very much in the experimental-early development stage.
With one recent exception,” no other laboratories have reported laser oscillation in such a systen.
No previous reports of laser action at the high pressures and at the eleetrie field to particle den-
sities (E/N) ratios, whieh we have worked with here, have been made.

b. Experimental Apparatus

The electron beam system for this laser arrived from the vendor in late April several months
behind schedule. Within three weeks after arrival the experimental apparatus shown in I'ig.1-15
was constructed. Of particular iniportance in this apparatus are the following: (1) the vacuum
chamber and the gas flowing system1 were fabricated entirely of materials resistant to attack
I by I, (2} the ultimate vacuum in this system was 40 mierons with a leak {outgassing) rate of

about 200 mierons/half hour, (3) the system has gas _upplies suitable for non-flowing static-fill
l gas mixture, (4) a capacitance monometer, having a dynamic range of 10% was used to monitor
l the pressures of the HI", 112, and A, and (5) both laser detectors were housed in a Faraday cage
i to eliminate stray noise arising from the electron beam gun.
Performance frown the eleetron beam-sustainer discharge system was good. We were able
1 to obtain reliable 3-pusec pulses of eleetrons with current densities of ~1 A/um2 and energies
| of 200 keV. Within certain limitations, we were able to vary the beam pulse width from 0.5 to
5 psec. lligher electron energies and currents could be obtained; however, 1 view of the tight

1 schedule tittle effort was made to "push" the device to ils maximum stated limits.

c. Experimental Results

The first experimental result was that tie laser oscillates. Its output wavelengths are the
I 11} 3-um vibrational-rotational bands of interest to this program. This fact was confirmed by
] inserting an array of high- and low-pass optical filters in front of the detectors. In this manner
the laser wavelength was bracketed to be between 2 and 3 rm. In addition, no laser oscillation
was observed with HF absent from the gas mixture.

In another experiment, we confirmed that the small-signal gain of the medium was not so
high as to allow for strong stimulated emission to oecur without the presence of mirrors ("super-
radiance” or superfluorescence). The absence of such very high gains means that extraction of
a high-quality optical beam from a well-designed optieal cavity is possible. Good beam quality
is an important step in obtaining a high-brightness laser source.

One portion of the objeetive of this program is to produce an UF laser with a long (1 to
5 usee) pulse width. Measurement of the laser pulse length was made with a suitable filtered
InSb detector. As illustrated in Fig.1-16, our measurements determined that the 1{F pulse length
followed the sustainer current pulse (after a delay of about 1 psee). Thus, the maximum laser
pulse in our case was about 4 usec — the duration of the maximum length ¢ -beam pulse used in
our experiments.

As mentioned in the previous subsection, the laser was operated with a statie fill of the
appropriate gas mixture. Despite the fact that various components internal to the sustainer box

were not designed for high-vacuum, ultraclean conditions, sealed-off laser lifetimes of about




20 shots were obtained. This performance appeared to exceed the lifetime as seen in (.'()z laser-
type niixtures which were subjected to similar testing. lL.ong scaled-off lifetime is a significant
advantage in designing a practical high-power laser. ‘The "reusable" nature of the laser medium
in this case nakes this form of 1II' laser an attractive alternative to the usual chemical HI
lasers — which by their very nature demand reusable gas flows.

The final experimental results concern the laser's efficiency and output power or energy.
Qutput energy was measured by using a calibrated barium titanate detector. VFrom this measure-
ment and that of the pulse width, the laser pulse power could be determined. During the course
of the power measurements it was determined that the existing optical cavity atllowed energy ex-
traction from only 0.1 liter. Thus, the total extracted energy was 1/2% of the total available

optical energy. The results of the energy power measurements are summarized in Table I,

TABLE |
ENERGY POWER MEASUREMENTS

Gas mixture 8 HF, 8V H2, 800 A-
Pulse width 2.5 psec

Pulse energy 50 mJ

Peak pawer 8 kw

Efficiency 0.6 percent

Nate: A maximum of 80 mJ was measured
in a langer length pulse.

Note that all measurements represent orders-of-magnitude improvement over those re-
ported in Ref.7. The figure of 2.2 joules potentially extractable energy is within the range stated
in the objective of this work. With an appropriately designed optical cavity at least this much
energy could be extracted.” Unfortunately such a design procedure would : equire knowing the
gain and saturation power of this laser. llowever, after consideration of the time constraints
on this program, an alternate approach — that of building different forms of HI1' lasers — was

employed. This approach is described in a succeeding section.
d. Summary of llZ-llF l.aser

We summarize the salient results of this program as follows:

(1) An IIF laser which operated on the principal of direct electron pumping

of the laser medium has been designed and given preliminary testing.

(2) The laser gain is workably high — but not so high that the laser exhibits

"super-radiant" output.

#* Undoubtedly, the figure could be improved if gas mixture, mirror reflection, etc., were
improved.
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(3) If the laser is scaled off, a given gas fill has been observed to exhibit
laser action for 20 or more shots. Considering the vacuum properties
of the system, this performance indicates long seated-off lifetimes

with the svstem are possible.

(4) ‘the unoptimized, extractable, optical energy from t.e laser medium
is about 1.2 joules/liter. However, due to limitations imposed by
the existing optical cavity, only a fraction of the available energy

was extruacted.
R. M. Osgood
D. Mooney
A.J. Morency

2. Long-Pulse I Chemical Laser

An alternate and simiple approach to obtaining a 1= to 5-psec 1- to 10-joule I laser pulse
is to use a long-pulse, cold-cathode e-beam to induce a chemical reaction in an SI-'()-H‘Z gas
mixture. ‘The basic physics of such a laser are similar to those of a 'TEA or shortpulse e-beam-

initiated Sl"b-ll2 hydrogen fluoride laser. ‘the fluorine for the inverting process of “2 + =1
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(V =3,2,1) + ltis created by disassociative attachment of the Sl-’6 by thermal electrons or by
direct molecular fragmentation by high-energy electrons.
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