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A Study of Strong Thermal Interactions between
a Laser Beam and an Absorbing Gas

RICHARD A. CHODZKO* AND SHAO-CHI Lmf
University of California, San Diego, La Jolla, Calif.

A recent study of temperature-dependent absorption, nonsteady beam propagation, and
laminar to turbulent transition in a laser-induced convection column is described. The
column is generated by passing a CO2-N2 laser beam vertically through a CCh absorption cell.
The radial intensity distribution of the transmitted beam is scanned during the transient and
quasi-steady-state absorption periods using a Ge:Au detector. During the transient period,
relaxation and beam divergence effects are observed. In the quasi-steady period, a "flicker-
ing" of the beam profile from the initially Gaussian shape due to induced turbulent convection
is observed at sufficiently high pressure. The onset of turbulence is measured with a fine-wire
resistance thermometer and laser power meter. The transition boundary in terms of cell
pressure p and incident laser power P0 at a fixed beam diameter and cell pressure is found to be
given approximately by p2Po = const. This can be shown to imply a constant transition
Reynolds number for the induced flow under certain restrictive conditions. The transition
Reynolds number so determined is found to be surprisingly low. Local gas temperatures
measured near the edge of the laser beam indicate very strong absorption heating within the
convection column at the lower cell pressures.

I. Introduction

THE effects of strong interaction between a laser (or any
other strong electromagnetic) beam and an absorbing

atmosphere are of interest in aerospace sciences not only be-
cause they are directly related to such obvious problems as
long-range communication and power transmission to distant
spacecrafts, but also because better understanding of these
interaction effects may lead to new terrestrial engineering
applications. For example, the thermal effect of absorption
may be utilized for opening up of glide paths around foggy
airports, and the effect of strong localized convection within
the absorption column may well be utilized for dispersal of
hazardous airplane vortices and wakes through enhancement
of momentum exchange and turbulent mixing. In areas of
environmental control and meteorology, it is quite con-
ceivable that the same induced convection effects from very
high-power lasers could be utilized for breaking up of inver-
sion layers and for local rain making (e.g., through enhance-
ment of water droplet coalescence rate in otherwise stably
stratified cloud layers).

Until recently, experimental laser interaction studies in
absorbing gases have been concentrated in the low pressure
region (typically, 1 torr or less) where relaxation phenomena
are important, with the object of measuring molecular rate
constants.1'2 There has been theoretical work on the propa-
gation of a laser beam in an absorbing gas, but usually the
assumption of a constant absorption coefficient is made.
Optical-acoustic coupling of a laser beam in an absorbing gas
and the associated instabilities have been discussed exten-
sively by Brueckner and Jorna,3 and by Raizer.4
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An important effect due to localized heating by absorption
of a laser beam is thermal defocusing. This is simply a beam
divergence due to the refractive index of the medium increas-
ing from the beam center. Gordon et al.5 in 1965 did an early
experimental and theoretical study of thermal defocusing and
obtained a transient and steady-state heat conduction solu-
tion for a Gaussian beam intensity profile as a heat source in a
cylindrical geometry, assuming a constant absorption coef-
ficient. The theoretical results compared successfully with
their experiments on thermal defocusing in liquids. These
solutions do not apply to an absorbing gas for three reasons,
1) density variations caused by absorption heating is much
more pronounced in a gaseous medium than in a liquid, 2) the
convection term in the energy equation is generally not small
compared to the conduction term, and 3) the temperature de-
pendence or beam intensity dependence of the absorption co-
efficient is often quite strong and hence must also be taken
into account. Recently D. C. Smith6 has observed thermal
defocusing effects in absorbing gases, including the forced con-
vection effect of cross winds on beam distortion. Most re-
cently, thermal blooming of a 10.6-ju laser beam in C02 has
also been observed by Kenemuth, Hogge, and Avizonis.7
Again, only the case of constant absorption coefficient has
been treated in the corresponding analyses.

Another interesting thermal interaction effect is the possible
onset of hydrodynamic instabilities in laser-induced convec-
tive flows. For example, the existence of strong temperature
gradients due to localized heating may give rise to strong
buoyancy forces. These, in turn, may cause the onset of
turbulent motion within the induced convective flow. Little
research has been done up to now on laser-induced convective
instabilities in absorbing gases and on the problem of transi-
tion from laminar to turbulent flow as a result of such in-
stabilities. There has been theoretical work on the scattering
of a laser beam due to randomly distributed density in-
ho'mogeneities by Imai et al.8 and by Sutton,9 but the nature
of the turbulence is specified a priori.

In this paper, some interesting results from a series of ex-
ploratory studies by the authors on strong thermal interac-
tions between a laser beam and an absorbing gas are pre-
sented. In these studies, only constant pressure absorption
heating is considered in the interaction process (that is, in
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Fig. 1 Schematic diagram of experimental arrangement
for measurement of radial intensity distribution of trans-

mitted laser beam through an absorbing gas.
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Fig. 3 Schematic diagram showing some details of radial
beam profile scanner used in experimental arrangement of

Fig. 1.

time scales long compared to the time required for acoustic
waves to propagate out of the absorption region) but non-
linear effects such as temperature-dependent absorption and
induced convection are taken into account. Because of space
limitations, the results are presented in rather abbreviated
forms. More detailed description of the experiments and
further discussion of the results can be found in Ref. 10.

II. Experimental Arrangements

The experimental arrangements employed in the present
investigation are schematically illustrated in Figs. 1 and 2.
As illustrated in Fig. 1, a self-manufactured C02-N2 laser which
produces up to 45 watts (w) of CW power near 10.6-/Z wave-
length is mounted horizontally on a granite block. The
TEMoo mode11 with a Gaussian intensity distribution is
selected out of the laser by using a long radius resonator
geometry consisting of a total reflector of 10-m radius of
curvature, a flat partially reflecting Germanium output
coupler, and a 1.6-m separation distance bet ween the mirrors;
and by using a small 9-mm-diam discharge tube. The
TEMoo mode is the simplest and a rather desirable beam shape
for observing interaction effects on laser propagation. The
Gaussian half width of the beam 6, as defined by

exp(-rV&2) (1)
measured near the exit plane of the absorption cell (with no
absorbing gas in the cell) is approximately 1.5 mm and is
somewhat smaller than the value of 2.5 mm predicted from
laser resonator theory.11 This is due to the fact that the
Germanium output coupler acts as1 a positive lens due to
absorption heating effects in the crystal. The small con-
vergence angle is found to be approximately 0.25 mrad at
40-w power output and has little effect on the experimental
results since it is a known constant for a given power level.

CO.Cell

Loser Power Meter

Resistance Thermometer
Constant Current

Source S Amplifier

Two Channel Recorder

45° Total Reflector
Fig. 2 Schematic diagram of experimental arrangement
for the study of laminar to turbulent transition in laser-

induced convection column.

The most difficult problem in obtaining experimental data is
the lack of stability of the laser. By carefully cooling the
laser mirrors and discharge tube and by detuning the mirrors
slightly off maximum power, power meter readings remain
constant to within 5% over a period of 1 hr and intensity
readings using a GerAu detector show 5% peak to peak
fluctuation with periodicity in the 1 to 10 msec range. The
absorption cell is a stainless steel tank of 19 cm i.d. and 104
cm length. The 5-cm-diam sodium chloride windows
mounted on the end flanges are transparent to the 10.6-/Z
laser radiation. Pressures in the cell are measured with a
thermocouple gage and a mercury U-tube manometer. The
absorption cell is vacuum tight, with a leak rate of less than
1 X 10~8 cm3/sec S.T.P. of air determined with a Veeco leak
detector, but no effort was made to evacuate the system to
pressures lower than 0.01 torr before filling with C02 gas.
At 0.01 torr cell pressure, there is negligible absorption of the
10.6-M laser radiation by the radial gas in the cell. A flange
on the side of the cell allows mounting a resistance ther-
mometer probe at an approximately midplane axial position.
A 45° total reflector mounted near the entrance plane of the
vertical cell deflects the beam vertically upwards. All data
is recorded with a Honeywell model 7600 FM magnetic tape
recorder.

The scanning system for measuring the radial intensity dis-
tribution of the laser beam corresponding to the arrangement
in Fig. 1 is shown in Fig. 3. It consists of a 12-in.-diam thin
rotating disk with small holes drilled near the circumference.
The hole diameter is 1 mm and therefore considerably smaller
than the diameter of the transmitted laser beam. As a hole
traverses the laser beam cross section in the tangent plane
containing the optical axis of the beam, the emerging infrared
rays are focused by means of a sodium chloride lens of 5-in.
focal length onto a Philco GPC-201A Ge:Au photo-conduc-
tive detector. From the known rotational speed of the disk,
the detector signal voltage vs time can be related to the in-
tensity vs radial distance of the laser beam. In interpreting
the results it is assumed that the detector signal vs time is
directly proportional to the laser beam intensity vs radial dis-
tance. As seen in Fig. 3, a sodium chloride beam splitter is
provided to attenuate the flux into the Ge: Au detector and to
allow for calibration with a Coherent Radiation Laboratories
model 201 laser power meter. The maximum power incident
on the 1-mm-diam sensitive area of the detector is less than
20 mw. In measuring intensity profiles, two types of scanning
disks are used depending on the required data acquisition
rate, a single hole disc which produces a scan pulse every 20
msec for the standard 50 rps rotational speed, and an 18 hole
disk (equally spaced and concentric) which produces a pulse
every 1.1 msec. The two types of beam intensity profiles of
interest are "vacuum" profiles measured at 0.01 torr cell
pressure for reference purposes and "absorption" profiles mea-
sured at a specified cell pressure of C02 greater than 0.01 torr.

The transient data are obtained by means of a high-speed
electromagnetic shutter that opens in the order of 50 /zsec.
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Fig. 4 Time exposure (100 scans over a 2-sec period) of
beam profile scanner output with absorption cell under
"vacuum condition" showing stability of laser output P0
at 35-w level. Vertical scale: 0.5 v/cm division. Hori-

zontal scale: 50 jusec/cm division.

The shutter essentially consists of a thin aluminum foil con-
nected to a low-inductance condenser bank discharge circuit
through an Ignitron switch. The opening action of the
shutter is initiated by the self-pinching effect of the current
sheet through the foil. Thus at a given cell pressure of C02,
the beam is blocked by the shutter, the tape recorder is
turned on; the shutter is fired and the transient intensity pro-
files are recorded.

In the arrangement shown in Fig. 2, total power transmis-
sion measurements are made using the power meter with the
scanning disc removed. The resistance thermometer is
mounted inside the cell at midplane and approximately 5 mm
from the beam axis. The resistance thermometer is a fine
platinum wire, 5 (JL in diameter and 1.25 mm long, operating
in a constant current, low overheat mode. Thus, the tem-
perature fluctuation of the convection column near the edge
of the beam can be simultaneously monitored with the total
transmitted laser power. The operating current of the re-
sistance thermometer is 0.6 ma and the maximum frequency
response is approximately 350 cps. The output signals from
the power meter and resistance thermometer are simul-
taneously recorded on a dual-channel strip chart recorder.
The resistance thermometer is calibrated with a thermo-
couple and a constant temperature oven.

III. Experimental Results

Figure 4 shows a 2-sec time exposure (^400 scans) of a
vacuum profile for a 35-w incident power using the single hole
scanning disc. The laser is sufficiently stable to observe in-
teraction effects, showing amplitude fluctuations of less than
5%. The observed vacuum profile is very nearly that of a
TEMoo mode, with a Gaussian half-width b ~ 1.5 mm, and an
intensity distribution that can be represented approximately
byEq.(l).

Figures 5 and 6 show 2-sec time exposures of the quasi-
steady-state profiles for the transmitted beam at cell pres-
sures of 40 torr and 388 torr, respectively. Thus at the
lower pressure, the profile maintains a Gaussian shape of
nearly the same half-width as the vacuum profile, but the
absorption is much stronger than that corresponding to the
room temperature absorption coefficient of 2 X 10~3 cm"1 for
C02 at 10.6-/Z wavelength.10'11 On the other hand, at the

Fig. 5 Time exposure (100 scans over a 2-sec period) of
quasi-steady transmitted beam profile at 40 torr absorption
cell pressure and 35-w incident beam power. Vertical
scale: 0.1 v/cm division. Horizontal scale: 50 jitsec/cm

division.

Fig. 6 Time exposure (100 scans over a 2-sec period) of
quasi-steady transmitted beam profile at 388 torr absorp-
tion cell pressure and 35-w incident power. Vertical scale:
0.1 v/cm division. Horizontal scale: 50 jusec/cm division.

higher pressure, the radial intensity distribution is much wider
and shows a strong time-dependent distortion from the Gaus-
sian or a "flickering" behavior. An effective half-width be,
which reduces to the half-width b for a Gaussian beam, can be
defined as

I(r)2irrdr (2)

where /0 is the peak profile intensity and r the radial distance.
Applying this definition to Fig. 6, a ratio of 3 between the
effective half-widths of the absorption and vacuum profiles is
observed. This beam divergence is due either to thermal de-
focusing, turbulent scattering or the combined effect of both.
The "flickering" suggests that turbulent convection exists in
the cell, while the large absorption at the lower pressure
shows that the temperature dependence of the absorption co-
efficient of C02 gas plays an important role in the interaction.

Figure 7 is a time exposure of the transient intensity pro-
files at a cell pressure of 40 torr and incident power of 31 w
using the single hole scanning disc. A plot of log(/o/I) vs
time is shown in Fig. 8 where 70 is the peak intensity of the
corresponding vacuum profile and / is the transient peak in-
tensity. Thus a single relaxation time of 80 msec is observed
from the linear slope of such a plot, which persists
up to about 100 msec. At this pressure and incident
power, the absorption heating time, assuming the vibrational
states are in equilibrium, is about 2 msec. A time scale for the
establishment of the laser-induced convection column is
estimated to be 13 msec (see Chap. IV, Sec. F in Ref. 10).
The observed time scale n is much longer than either of the
preceding and is therefore interpreted to be a vibrational re-
laxation effect. From Fig. 7, the transient interaction of 40
torr shows little defocusing or beam distortion from the initial
Gaussian profile. Figure 9 is a plot of intensity vs radial
distance at various times taken from a time exposure of the
transient intensity profiles at a cell pressure of 730 torr and
an incident beam power of 36 w using the 18 hole scanning
disk. The fact that the initial pulse corresponds to 7//0 ~
0.78 shows that it must have occurred near t = 0 since the
room temperature coefficient gives J//0 ~ 0.8. The time
t = 0 is uncertain to within the time between scans of 1.1
msec. . A plot of log(70//) vs time is shown in Fig. 10 and it is
seen that two characteristic times are in evidence. The
dotted and dash-dotted lines are both empirical fits of the

Fig. 7 Time exposure of beam profile scanner output dur-
ing transient absorption period (50 scans/sec) at 40 torr

cell pressure and 32-w incident power.
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Fig. 8 Logarithm of intensity ratio vs time for tran-
sient data illustrated in Fig. 7. (/ — instantaneous peak-
intensity during transient absorption period; /o = peak

intensity of corresponding "vacuum" profile.)

data, giving 3 msec th and 26 msec r2 time scales, respectively.
Figures 9 and 10 suggest that at 730 torr pressure, the inter-
action process occurs in two phases: 1) an initial phase where
weak localized heating due to absorption creates radial
density gradients and thus thermal defocusing while main-
taining a nearly Gaussian intensity profile and 2) a final slower
phase where localized heating, conduction, and induced
convection produce a further beam divergence as well as
significant distortion from the initial Gaussian distribution.
The radial beam profiles in Fig. 9 were integrated over the
beam area and it was found that the total transmitted beam
power is nearly constant for the first few msec. This indicates
that only relatively weak absorption has taken place during
the observed 3 msec time scale th.

A plot of percent transmission vs cell pressure at
various incident power levels using the power meter is shown
in Fig. 11. Drift in the laser power output, calibration
accuracy of the power meter and errors in making measure-
ments limit the accuracy of these results to about 15%, but
the general trends are not in doubt. It is seen that at low
power levels (of the order of 1 w), the percent transmission is
nearly independent of pressure above the collision broadened
limit (which occurs at approximately 10 torr12) and agrees
within 10% of the room temperature absorption coefficient.
At power levels of the order of 5 w, a dip in the transmission
begins to appear in the vicinity of 40 torr, which seems to in-
dicate that the temperature dependence of the absorption co-

5 4 3 2 1 | 0 I 2 3 4 5
r (mm)

Fig. 9 Transient radial intensity profiles plotted from
time exposure of beam scanner output during transient
absorption period at a scanning rate of 900 scans/sec for
an incident beam power of 36 w and 730 torr cell pressure
of CO2. (/0 = peak centerline intensity of corresponding

"vacuum" profile.)

|-— th = 3 m sec

^<
1.

p = 730 torr

P = 36 watts

10 20 70 80

t ( m sec)
Fig. 10 Logarithm of intensity ratio vs time from
transient data illustrated in Fig. 9. The dotted line is a
fit of the data with a constant pressure heating theory,
giving a 3-msec time scale th. The dash-dotted line is an
empirical fit of the data giving a saturation relaxation time

scale 72 of 26 msec.

efficient is just becoming important at this power level. At
38 w, a minimum percent transmission of about 15% is ob-
served at 35 torr increasing to 65% at 1 atm. These general
trends are consistent with a simple laminar convection solu-
tion19 discussed in the next section, in that the gas tempera-
ture rise is inversely proportional to the cell pressure and that
the absorption coefficient increases with temperature. In
measuring the transmission curves, it was observed that for
sufficiently high power levels the power meter readings showed
large random fluctuations over and above the inherent laser
noise and the percent transmission is based upon a time
average over the fluctuations. This again indicates that the
induced convection is turbulent.

To verify the existence of turbulence, simultaneous power
meter and resistance thermometer measurements were made
with the experimental arrangement illustrated in Fig. 2 and
described previously in Sec. II. The cell pressure p is varied
from a few torr to atmospheric pressure, with the laser set at a
fixed incident power level PQ = 7r62J0 ranging from 1 to 40 w.

The experimental results of the transmitted laser power and
gas temperature measurements are shown in Figs. 12 and 13.
Figure 12 shows some typical strip chart records of the power
meter and thermometer signals at incident laser power levels
of 30 w, 13 w, and 3 w, respectively. These records were ob-
tained by tuning the laser to run stably at the desired output
power level and let the beam pass continuously through the
vertical absorption cell. The stability of the laser output
is first checked by keeping the cell at the "vacuum condition"
as previously defined for a sufficiently long period of time

Cell Pressure p(torr)
Fig. 11 Fraction of total beam power transmitted through
vertical absorption cell measured with power meter vs cell
pressure at various incident beam power levels. (Pressure
readings accurate to =±=1 torr; power meter readings

accurate to ±15%.)
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Fig. 12 Sample of simultaneous strip chart recording of transmitted laser beam and fine wire thermometer signals at
three different incident beam power levels showing the effects of changing absorption cell pressure. Increasing random-
ness of temperature fluctuation with increasing pressure as measured from fine wire probe located inside the absorption
cell 5 mm from the optical axis of the laser beam suggests transition from laminar to turbulent flow in the laser-induced

convection column.

(typically, of the order of several minutes). Then a small
amount of C02 gas is let into the absorption cell by a quick
opening of the gas inlet valve, and the filling pressure p is
subsequently allowed to settle down to some low constant
value (of the order of a few torr) while the power meter and
the thermometer signals are being continuously recorded for
a certain period of time (typically, of the order of a minute).
The filling pressure is then increased in successive steps by
repeating the process of admitting more gas, pressure relaxa-
tion, and quasi-steady-state recording. (It may be noted
that the pressure relaxation time is roughly determined by the
acoustic reverberation time over the longest dimension of the
cell, vand hence quite immaterial in comparison with
the manual manipulation time of the gas inlet valve during
the pressure changing step.)

From the top pair of the strip chart records shown in Fig. 12,
it is seen that at an incident power of 30 w, both the transmitted
power and temperature signals appear very quiet when the
cell pressure is kept at the 6 torr level. When the cell pres-
sure is increased to 9 torr, the recorded signals begin to dis-
play an oscillatory behavior. It is interesting to note the
approximately sinusoidal signals concurrently from both the
power meter and the thermometer at the latter cell pressure.
As the cell pressure is increased further to 12 and 19 torr, the
signals take on a more and more random character. The
thermometer voltage fluctuations at 40 torr correspond to
peak-to-peak temperature fluctuations of the order of 20% of
the local mean temperature T ̂  500°K. The fact that such
high gas temperatures were observed at a radial distance
r = 5 mm (i.e., about 3 times the Gaussian half-width b of the
laser beam) from the beam center indicates that very strong
gas heating must be taking place within the absorption
column.

From the middle pair of strip chart records shown in Fig.
12, it is seen that the same type of behavior is observed at 13 w
with the onset of instability occurring at somewhat higher
pressure. The frequency response of the resistance ther-

mometer is of course much greater than that of the power
meter (about 350 Hz vs 10 Hz). This difference is reflected
in the higher harmonic content of the thermometer signal at
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Fig. 13 Transition boundary from laminar to turbulent
flow in laser-induced convection column in terms of inci-
dent C(>2 laser power and COz absorption cell pressure and

comparison with jp2Po == constant curve.
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Fig. 14 Theoretical temperature dependence of the
absorption coefficient of CO2 gas at 10.6-/Z wavelength.
(Numerical value taken from Ref. 14. AT == T - To

where T0 = 300°K.)

the higher pressures. The power meter and resistance
thermometer signals corresponding to zero cell pressure pro-
vide a means of comparison with the fluctuations and show
the relative low inherent laser noise. At 3-w incident power,
Fig. 12 shows an essentially quiescent signal from the power
meter for the entire range of pressures. The resistance
thermometer signal, on the other hand, continues to show in-
creasing fluctuation with increasing absorption pressure.
Thus, at this low power level, the transmitted power and gas
temperature are essentially " de-coupled" in the sense that the
temperature fluctuations are too small to affect the absorption
through the temperature dependence of the absorption coef-
ficient. The magnitude of the temperature fluctuations are
measured to be of the order of 0.1% at the 3-w incident power
level.

The general trend of increased randomness of both the
power meter signal and the fine wire thermometer signal
(especially the latter) with increasing absorption cell pressure
at any given incident power level can therefore be interpreted
as being caused by a fluid dynamic transition from laminar
to turbulent flow within the laser-induced convection column.
It is interesting to note that such transition appears to be
quite sharp, since a marked increase in temperature fluctua-
tion amplitude as well as in randomness of the fluctuating
signal when the cell pressure is increased by a factor of about
2 is quite evident. In Fig. 13, we show the "transition
boundary" generated by making a series of the preceding type
of measurements at various incident power levels. The
transition point at a given power level is defined by the pres-
sure at which the resistance thermometer signal becomes
noticeably random. It is interesting to note that the transi-
tion boundary can be fitted closely over the measured range
of incident power levels, by a curve p2Po = const.

IV. Theoretical Interpretation

The laser interaction process in an absorbing gas is described
by the source-free Maxwell's equations coupled with the
appropriate fluid conservation equations.3'4'13 The interac-
tion equations as formulated by Akhmanov et al.13 were
derived within the eikonal approximation assuming that the
electric field amplitude and phase were slowly varying func-
tions of the axial coordinate z and rapidly varying functions
of the radial coordinate r; that the dielectric constant was a
function only of temperature; and that the absorption coef-
ficient was a constant. If the absorption coefficient is a

function of temperature, but the latter is only a slowly vary-
ing function of the spatial coordinates (i.e., in length scales of
the order of the incident wavelength), such formulation
should remain approximately valid. Accordingly, we let

E(r,z,t) = E<>(r,z) - kz - kS(r,z)] - az/2] (3)
where E0 is the local field amplitude, o> is the radian frequency
of the incident radiation, k is the wave number, S is the phase
factor and a = a(T) is the power absorption coefficient. If
Eq. (3) is substituted into the wave equation as implied by
the source-free Maxwell's equations and making the preced-
ing approximations, one gets

d(#o2)/c>z + «#o2 = 0 (4)
-(l/n)(dn/dT)dr/dr (5)

where q = diS/dr is a parameter which defines the inclination
of the ray paths with respect to the z axis (e.g., q = 0 implies
axial rays or no beam divergence), and n is the index of re-
fraction. If convection effects are neglected, the fluid
properties are related to the field by

= V-(KVT) + a(T)I = 0 (6)

where / = (c/STr)EQ
2 is the local beam intensity.

For the case of q «: 1, Eq. (4) can further be approximated
by

a(T)I = 0 (7)
By solving Eqs. (6) and (7) for/(r,2,0, i.e., assuming q = 0, the
defocusing effect can be calculated for small beam divergence
angles in an iterative manner as was done by Gordon et al.5
The theoretical temperature dependence of a for C02 gas at
the 10.6-/* laser wavelength assuming equilibrium population
of the vibrational-rotational states, a P-branch J — 20
transition, and collision-broadened lines12'14'15 is approxi-
mately that shown in Fig. 14. According to Ref. 12, the
collision-broadened line assumption should be valid down to
about 10 torr pressure near room temperature. On the other
hand, the conditions under which the equilibrium assumption
remains valid is governed by kinetics considerations.16 Even
though this latter assumption is very much in doubt in the
lower pressure range of the present experiments,10 it is never-
theless interesting to examine the localized absorption heating-
effects within this simple assumption. Thus, according to
Fig. 14, the dependence of a on T7 is very strong, with a
maximum value at T = 750°K which is about 10 times the
room temperature value aQ =• 2 X 10 ~ >cm~

3.0 r

"b" =cell radius ratio =48.0

L = cell length

1.0
Z/L

Fig. 15 Theoretical calculation of centerline temperature
vs axial distance at various incident power levels from

steady-state conduction solution.
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The heat conduction coefficient K is a rather mild function
of temperature and insensitive to the rate processes. Within
the temperature range of interest here, it can be approxi-
mated by17 K/K0 g* (T/T0)°-9, where K0 = 4 X 10~5 cal
^K-cm-sec)-1, and T0 = 300°K.

To obtain an upper limit on the initial rate of increase of
gas temperature or beam absorption, one can solve Eq. (6)
with the conduction term neglected. Assuming a linear tem-
perature dependence of the absorption coefficient where the
initial slope is determined from Fig. 14, one gets

with 0 E= d(a/a0)/d(T/TQ) g* 10.
A solution to Eq. (8) can be obtained by neglecting the

variation of the intensity with temperature, i.e., neglecting
the effect of beam intensity reduction with increasing absorp-
tion due to increased temperature. This again establishes an
upper limit. For the case of heat addition at constant pres-
sure, p = pRT, with T = TQ at t = 0, the solution, valid for

- 1) exp (t/th)

where

= py/[(y - 1)03 - l)oa/ol

(9)

(10)

is the characteristic equilibrium heating time based on the
peak intensity of the incident beam. The specific heat ratio
y = Cp/Cv for C02 is approximately 1.25 over the temperature
range of interest.

The transmitted beam intensity through the absorption cell
of length L is given by

j > 70 exp(-o:maxL) (11)adz

where amax is now the time-dependent beam-center absorp-
tion coefficient near the entrance plane as calculated in accor-
dance with Eq. (9). From Eq. (11), we obtain

log(70/7) < (12)

Thus, the initial slope of log(/0//) should be approximately
given by aQL/th for t <<C th. A comparison of the experimental
data in Fig. 10 with Eq. 12 gives a reasonably good fit for
th = 3 msec near t = 0 as illustrated by the dotted curve.
From the peak incident beam intensity 70 = 500 w/cm2, the
value of th computed for the preceding transient profiles at
p — 730 torr, P0 = 36 w should be approximately 50 msec.
Since the time scale so calculated should correspond to an
upper bound for the heating rate, the observed initial rate of
attenuation of transmitted beam intensity is much more
rapid than expected. The extents to which thermal defocus-
ing and/or nonequilibrium population of the C02(01°0) ab-
sorbing state may have contributed to the apparent accelera-
tion of the rate of beam centerline intensity attenuation have
not yet been determined. One possible source of experi-
mental error could be a nonlinear Ge:Au detector response.
This is not believed to be a likely contributor to the observa-
tional discrepancy since any saturation effect due to over-
heating of the Ge:Au detector should have the opposite
effect of yielding a longer time constant. Furthermore, a
linearity check was made by comparing the power meter
transmission curves in Fig. 11 with the power transmission
obtained by integration of the quasi-steady-state intensity
profiles and the results agreed to within 10%.

The second time scale r2 = 26 msec shown in Fig. 10 was
obtained by assuming that the beam center intensity ap-
proaches its quasi-steady-state value I according to a simple
relaxation formula

Quantitative interpretation of this time scale is likely to be
complicated since it must involve the combined effects of
transient heating, conduction, and convection.

Equation (6) also defines a characteristic conduction time
scale

= pyb*/(y - l)KT0 (14)
where b is the Gaussian half-width of the laser beam. Thus,
by equating tc to th, one can define a critical incident power
level

T> % ^= Tr7)27" 'H _ ir^K'*T /*? fM (R — ~\\ (~\ t\\

which, when approached or exceeded, leads to strong localized
heating of the gas. For pure C02 gas absorbing at 10.6 ju,

In order to establish an upper limit to the temperature-
dependent absorption and its contribution to the convective
effects, the nonlinear steady-state conduction problem was
solved first. The system of equations to be solved, assuming
conduction in the z direction to be much less than in the r
direction, consists of Eq. (6), which becomes, approximately

a(T)I = 0 (16)

(7-7) ex e-* (13)

and Eq. (7), with/(r, 0) = 7(0, 0) exp(-r2/62); T = T0 at r
= a, the cell radius; and a(T) and K(T) as just given. The
solution to this set of coupled nonlinear partial differential
equations is obtained numerically by using a finite-difference
technique with piece-wise linear approximation to the tem-
perature dependence of the absorption coefficient.

The solution plotted in Fig. 15 shows the centerline tem-
perature variation with axial distance for various incident
laser power levels. The effect of strong localized heating for
power levels above 5 w is clearly seen. The axial temperature
gradients should induce strong convective effect in the vertical
cell. These temperatures give an upper limit to the absorp-
tion heating effect. Convection, anharmonic corrections
and dissociation effects should reduce the actual temperature
to lower values. The effect of self heating in increasing the
absorption with increasing incident power level above the
critical value is seen and is observed experimentally in Fig. 11.
It can be shown that convection (the induced flow Reynolds
number) is proportional to the gas pressure; the steady-state
conduction solution on the other hand is independent of pres-
sure and consequently should be a better approximation with
decreasing pressure at least until the absorption line becomes
Doppler-broadened. At beam power levels of the order of
Iw, the effect of the temperature dependence of the absorption
coefficient is small and the solution should match the experi-
mental results of McCubbin et al.18 and of Gerry and Leon-
ard.12 This is consistent with the transmission curve of
Fig. 11 which agrees with these latter experiments to within
10% in the low power limit, and also with the conduction
solution of Gordon et al.5 which assumed a constant absorption
coefficient.

The radial temperature profiles at the entrance and exit
planes of the cell for a 35-w beam is shown in Fig. 16. A com-
parison of the nonlinear steady-state conduction solution in-
tensity profile with the experimental profiles at 48 torr and
388 torr is given in Fig. 17 for an incident power of 32 w,
where the dotted line is the conduction solution neglecting
thermal defocusing. It is seen that the agreement improves
with decreasing pressure both in the beam shape and in the
absolute magnitude of the absorption.

In contrast to the zero-flow-velocity implied in the conduc-
tion solution, an approximate steady-state convection solution
can be obtained from dimensional arguments under certain
restrictive assumptions.19 The steady-state conduction solu-
tion shows the importance of the temperature dependence of
the absorption coefficient in the interaction process, while the
convection solution allows one to interpret the observed in-
crease in temperature fluctuation with absorption cell pres-
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Fig. 16 Theoretical calculation of radial temperature
profiles within CO2 absorption cell at entrance and exit

planes of cell from steady- state conduction solution.

sure in terms of fluid dynamic transition from laminar to tur-
bulent flow in the absorption-induced convection column.

As we have shown in Ref. 19, an approximate convection
solution based on simple dimensional arguments lead to the
following expression for the induced flow Reynolds number
within the vertical absorption column of effective radius re and
length L:

where p, /Z, a, and Cp denote, respectively, the gas density,
viscosity coefficient, absorption coefficient, and specific heat
evaluated at the mean temperature T within the column; u
is the mean vertical induced flow velocity; g is the gravita-
tional acceleration; and R is the gas constant. From the
known temperature dependence of n, Cp, and a for C02, the
quantity a/Cp/Z3 is relatively independent of temperature (i.e.,
with variation less than ±30% over the temperature range
300 < T < 700°K). Thus, p2P0 = const indicates a constant
induced flow Reynolds number for laminar-turbulent transi-
tion as observed experimentally in Fig. 13. With this ob-
served transition boundary, p2P0 = 3 X 103 (torr)2-w, sub-

PQ= 32 wat ts
o p = 48 torr

A p = 388 torr

•'.20

'"VI5

4 3 2 I 0 I 2 3 4
r /b

Fig. 17 Comparison of experimentally observed quasi-
steady-state beam intensity profiles with theoretical radial
intensity distribution predicted from steady-state conduc-
tion solution neglecting thermal defocusing (dotted

curve).

stitution of numerical values into Eq. (17) then yields a
transition Reynolds number Re* ^ 3re/b. Since re must lie
somewhere between the beam half-width b and the absorption
cell radius a & 60 b, we have 1 < (rJV) < 60, so that

3 < Re* < 180 (18)
Considering the fact that the actual value of re/b is likely to be
much closer to 1 than to 60, the transition Reynolds number
thus deduced is, indeed, surprisingly low.
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