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Table 1 Divergence loads for CRB = 1, CRA = 0, C =

No.

1
2
3
4
5
6
7
8

CTB
0.5

1
2
4
6
8

IT2

10

Sign
Critical load of

Nonconservative Conservative Q*
1.93
2.18
2.51
2.84
2.99
3.08

7T

3.142...>T-

1.11 +
1.31 +
1.64 +
2.15 +
2.56 +
2.89 +

7T 0
3.18

7Sundararajan, C., "Influence of an Elastic End Support on the
Vibration and Stability of Beck's Column," International Journal of
Mechanical Sciences, Vol. 19, 1976, pp. 239-241.

8Sundararajan, C., "On the Stability of Divergence Type Elastic
Systems," Developments in Theoretical and Applied Mechanics, Vol.
7, 1974, pp. 475-482.

Thermal Coupling of 2.8-
Laser Radiation to Metal Targets

following simple example. Consider a column for which
CTB=Q and CRA, CTA, and CRB are arbitrary constants
different from zero and infinity. Corresponding to this case,
the buckling equation resulting from Eq. (11) is the following:

. , k , ksinA:-f -=r—COSA:+-=;— =0 (23)

This equation for CRB = 1 and CRA -»oo admits only the
trivial solution fc = 0. Consequently, this column is of the
flutter type, and its critical load can be determined by using
only the dynamic method. Similarly, for CRB = 1 and
CRA > 1.05 the column is associated with a flutter type in-
stability. In contradiction to the foregoing cases for
CRA=CRB = *» tne critical (smallest) load kcr is equal to TT;
namely, the column is a divergence type system. Apparently,
there is an infinite number of columns associated with the
latter type of instability for CRB = 1 and CRA < 1.05.

Next, numerical results are presented in Table 1 giving a
comparison between the divergence critical loads (Case D.) of
a column under a follower force, and the respective con-
servative column. Thus, the critical loads kcr and kcr, the sign
of Q*(£cr)_for CRA=Q, Cr/4-*°°» and CRB = \, and various
values of CTB are given. It is clear that the column under a
follower force can carry a greater load than that of the
corresponding conservative system only if Q*(£cr)>0;
otherwise, kcr<kcr. It is also shown that the sign of Q* (kcr)
depends on the stiffness constants.

A particular case, where the instability mechanism of a
fixed-elastically supported column under a follower load may
change from flutter to divergence, and vice versa depending
on the value of the stiffness constant, is presented by Sun-
dararajan.7 Another work of this author pertinent to this
paper is given in Ref. 8. Finally, it should be noted that the
lower bound theorem of Ref. 3 does not apply here.
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Introduction

THE response of metal targets to high-intensity laser
radiation includes effects of target heating, ! imparted

momentum,2 mass removal,3 and the ignition of surface
plasmas4 with ionizatfon of both atmospheric and target
species;5 all other target effects, however, are conditioned by
the thermal coupling. In spite of a broad current interest in
chemical lasers and their application, little is known ex-
perimentally about the thermal coupling of pulsed HF laser
radiation to metals. .Reported herein are coupling
measurements throughout the incident fluence range 25-1400
J/cm2 .

An axially symmetric laser pulse incident on a planar
target, described by a time-dependent irradiance <?/(r,0
W/cm2, results in an absorbed flux at the surface qa(r,t)
W/cm2 . Integration over the time of the event gives incident
fluence ef (r) = { qi (r,t) dt and absorbed fluence ea (r) = {
qa (r,t) dt in J/cm2. The total incident laser pulse energy in
joules is Ei=2ir j e t ( r ) rdr and the total thermal energy
deposited in the target Ea =2ir { e? (r) r dr. The total thermal
coupling coefficient is the fraction of incident laser pulse
energy which is converted into thermal energy in the target,
oL=Ea/Et; this coefficient was measured in the present work.
Time-integrated spatial dependence of coupling is expressed
as local coupling ar ( r) = ea ( r) le, ( r) .

Laser pulses exceeding certain threshold irradiance and
fluence requirements4 ignite a surface plasma which enhances
the thermal coupling to a metal target.6 Model calculations as
well as experiments have shown7'8 the dependence of thermal
coupling processes on the normalized pulse length f. t is the
ratio of the laser pulse length tp to the time required for an
acoustic disturbance of velocity c to cross the beam radius rb .

When 7 is small (« 1) the local coupling coefficient ar (r) is
optimized because during the pulse the spatial development of
the laser-supported absorption wave is limited to a region near
the surface; for these conditions the energy transfer can be
described by one-dimensional models.

This Note reports the utilization of the first HF-DF
chemical laser delivering several hundred joules in a few
microseconds, to investigate 2.8-^m thermal coupling. A first
experimental requirement for spot size is that the surface
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plasma formation threshold be reached. Within that con-
straint, larger spot diameters give lower values of f and
smaller spots give fluence values further above threshold.
Most of the present work was carried out with a FWHM beam
spot diameter ds =0.47 cm, giving a f = 9 while permitting the
investigation of incident fluences an order of magnitude
above the plasma threshold.

Experimental Method
The Boeing photoinitiated pulsed chemical laser (PHOCL-

10) used in this work has been described elsewhere.9'10 The
beam diagnostic methods and the particular far-field spatial
profile used here were detailed in Ref. 4. The half-maximum
contour of the spatial profile is well approximated by a circle
with 0.47-cm diameter. The spatially integrated time profile
has FWHM of 4 /is and total length of 8 /*s. Variation of
target-delivered beam energy was accomplished without
changing the relative spatial profile and with little change of
the relative time profile.

Thermal coupling coefficients were measured by direct
calorimetry. The 1.59-cm-diam targets were 0.13-cm thick,
with thermocouples spot-welded to the rear surface. Axial
diffusion times were only a few milliseconds, and the radial
equilibration times were measured. The whole-target heat
increment was divided by the incident beam pulse energy to
obtain the thermal coupling coefficient a. Special surface
preparation such as sanding or polishing was avoided in order
to obtain results representative of metals having practical
surfaces. A new target was used for each laser shot. Test
samples of larger diameter were used to show that the results
were not limited by sample diameter.

Measured Thermal Coupling
The measured coupling coefficient a is plotted in Figs. 1

and 2 for aluminum, titanium, stainless steel, and nickel as a
function of incident HF laser energy. Also shown are total
pulse fluence and peak irradiance (maximum in both space
and time). The irradiance scale is linear up to 200 MW/cm2

due to a constant pulse length near 4 /xs. Above 140 J energy
the laser pulse length was decreased to about 3 /xs at 220 J.

The incident energy scale has absolute uncertainty of ± 8%,
the fluence scale ±9%, and the irradiance scale ±13%. The
relative uncertainty of ±9% in a. is dominated by cooling
curve extrapolations (±8%), and the estimated absolute
uncertainty in a is ±15%.

At low energies the aluminum thermal coupling of Fig. 1
follows the low-intensity absorptance value of about 6%. At
threshold the coupling increases by a factor of three.
Thereafter, increasing incident energy enhances the
propagation of a laser-supported detonation wave away from
the target surface, resulting in decreasing total thermal
coupling. Similar behavior is seen for the other metals. For
each target material the coupling coefficient above threshold
is represented very well by the simple analytic form a ~ Et ~ 7 .
This equation is shown in Fig. 1 and 2 as solid curves. Over
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Fig. 1 Total thermal coupling of HF laser radiation on aluminum
and titanium.
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Fig. 2 Total thermal coupling of HF laser radiation on stainless steel
and nickel.

the wide range of fluence 200-1400 J/cm2 for these con-
ditions, a constant amount of energy is deposited in the
sample for a given material, independent of incident beam
pulse energy.

The aluminum measurements were repeated at a few energy
levels for a spot diameter of 0.94 cm to give comparative
points for f = 4.3. The largest coupling observed was a = 0.17
ate, = 114 J/cm2.

Table 1 Measured thermal coupling parameters for pulsed HF laser radiation

Target
material

Nickel
Aluminum 6061
Stainless Steel 321
Titanium c

Plasma
formation
threshold3

(Ref. 4), J/cm2

118
120
96
84

Thermal
coupling

enhancement
threshold, b

J/cm2

120
120
95
95

Largest
observed

total coupling
coefficient,

"max

0.18
0.18
0.29
0.29

Constant
energy Ea

deposited above
threshold, J

4.8
6.1
7.6

10.4
aEffective beam spot diameter = 0.94 cm. Incident-pulse fluence corresponding to threshold-step midpoint.
cCommercially pure titanium (MIL-T-9046 Type I. Comp. B).
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The thermal coupling enhancement thresholds apparent in
Figs. 1 and 2 are compared in Table 1 to the corresponding
thresholds for the formation of surface plasmas, taken from
Ref. 4. There the plasma thresholds were measured for the
same four metals and with the same laser, but with an ef-
fective beam spot diameter of 0.94 cm. The plasma thresholds
listed in column 1 of Table 1 are the incident pulse fluence
levels for which surface plasma ignition occurs halfway
through the laser pulse. The largest observed coupling
coefficients amax and the constant energy deposited Ea are
also tabulated. In Table 1 the material-dependent thermal
coupling enhancement thresholds are clearly correlated with
the material-dependent plasma formation thresholds. The
lower thresholds (titanium and stainless steel) are associated
with the higher values of amax and the higher values of
constant deposited energy Ea = aEj.

The variation of total thermal coupling to aluminum with
ambient target pressure was measured for laser pulses of
about 130 J. For air environment the coefficient a increased
smoothly from 0.05 to 0.08 as pressure was reduced from 1 to
10 ~3 atm. The trend of decreasing a with increasing pressure
is associated with the increasing density and shielding effect of
the surface plasmas at higher ambient pressures.

Large differences in measured thermal coupling for cases of
similar total incident fluences have been attributed to dif-
ferences in the shape of the laser pulse time profile.11 To
investigate this effect, measured coupling coefficients were
compared for pulse lengths 4 and 7 /*s FWHM for both
aluminum and titanium. There was no major shift in the
thresholds due to this change of pulse length. The data above
threshold were least-squares fitted to the power law a =
aE~b. Short-pulse values of b were near unity for both metals
in agreement with the overall E~l dependence noted above.
The long-pulse exponents of incident energy, 6 = 0.84 for
aluminum and 0.70 for titanium, indicate that for the present
conditions the long-pulse absolute energy deposited in the
target continues to increase with incident energy even well
above the plasma threshold.

Discussion
Two previous measurements of total coupling to aluminum

at other wavelengths are notable because of the large focal
spots used. Measurements at 1.06 pm by Hettche et al.6 show
a maximum a = 0.22 for spot diameter of 0.56 cm (f~7). At
10.6 /mi Marcus et al.1 obtained values of a up to 0.33 on
mechanically abraded targets for a spot diameter of 2.8 cm
(r = 5.4).

Certain reservations apply to all large-f measurement of
total coupling. The radial spreading of the surface plasma can
give contributions to the total coupling via target heating
outside the beam spot.12 This effect is minimized by
minimizing f, but the one-dimensional coupling, which is
expected to scale to larger-spot conditions, is better indicated
by spot-center measurements of local coupling ar(0), which
are insensitive to edge effects.

It should be noted, however, that the condition f — 1 is not
in itself sufficient to insure the "practical significance" of a
thermal coupling measurement. Thermal effects depend on
the energy fluence coupled to the target

ea(r)=<*,(r)ei(r)=ar(r)<i?*tp (1)

where qfve is an average incident irradiance. An optimized
ar(r) can be maintained at r = ctp/rb = 1 by making tp very
short, but the useful ea then approaches zero due to the small
6i (r) in Eq. (1). A rough lower limit for a "useful" tp may be
set by using otr (r) ^0.2 and a usable #fve <, 108 W/cm2 (due
to axial decoupling as well as propagation limitations) to give
the requirement tp ^ 10 ~7s.

Finally, tiie common assumption that f = 1 is optimum
should be used with care. If we minimize the incident pulse
energy Ef required to deliver a specified absorbed fluence

ea(r), several recent semi-empirical models of coupling data
yield 2 < f < 3; that of Hall13 gives f = 2.7.
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SIGNIFICANT nonequilibrium ionization may occur
during atmospheric entry of probes to the outer planets, *

and therefore knowledge of the rate of thermal ionization of

Received May 9, 1979; revision received Sept. 4, 1979. Copyright ©
American Institute of Aeronautics and Astronautics, Inc., 1979. All
rights reserved.

Index categories: Thermochemistry and Chemical Kinetics;
Reactive Flows; Entry Vehicle Testing, Flight and Ground.

*Professor, Dept. of Mechanical Engineering. Member AIAA.


