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‘Medium Diagnostics for a 10-kW cw HF Chemical Laser

Munson A. Kwok,* Robert R. Giedt,{ and Robert L. Varwig}
The Aerospace Corp., El Segundo, Calif.

The supersonic free jets of an arc-driven 10-kW cw HF chemical laser were studied for fixed-flow conditions
with and without lasing. A spatially, spectrally, rapidly scanning spectrograph and a spatially scanning
stagnation and static pressure probe were used in the diagnosis. The average static temperature and average
HF(3) populations were deduced for a very large number of positions in the flow. Salient results include the
capability of evaluating the uniformity of reaction in the jet, especially along the cavity axis near the nozzle exit
plane, and a gqualitative evaluation of the degree of consumption of lasant reactant in the cavity region. A
significant local cooling effect resulting from power extraction was observed. Spatial scans of stagnation and
static pressures were made for the zero-power case, and Mach numbers and local mass densities were deduced.

Nomenclature

M - =Machnumber

m; =mass flow rate of species i (g-sec ™')

N;L =average number density along line of sight of

HF(3) (No.-cm ~?)

Pp =laser plenum pressure (psia)

P - =laser chamber pressure (Torr)

¥ =static pressure in jet (Torr)

j22 =stagnation pressure in jet (Torr)

Ocuem = heat transferred to jet from chemistry (W)

= gas constant of species i (J—K ~!'—gm ~!)

= static temperature (K)

= stagnation temperature (K)

= average rotational temperature (K)

=closed-cavity laser power (kW)

= molecular weight of species (g-mol =)

= jet coordinate in flow direction (cm)

=jet coordinate along spectroscopic line of sight
(cm)

= jet coordinate transverse to flow direction (cm)

=F, dissociation [F]/([F] + 2[F,])

= plenum dilution [He]/([F1 + [F,])

= ratio of specific heats

= gas density (g-cm ~3)
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Introduction

HE characterization of the performance of a ¢w HF

chemical laser requires an understanding of the behavior
of the lasing medium with and without power extraction. In
the supersonic diffusion laser,! the lasing medium is a low-
pressure supersonic free jet array in which HF(v) is highly
diluted. Therefore, a complete understanding of the medium
requires a detailed determination of certain local properties.
In this study, time-averaged results obtained from optical
diagnostics are stressed. The system detects HF(3) spon-
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taneous emission.? The principal measurements are static
temperature and HF(3) average density. Stagnation and static
pressures that yield Mach number information and also per-
mit the calculation of local mass densities are reported. The
spatial variations in static temperature and HF(3) density
provide information on the uniformity of reaction along the
cavity axis. The completeness of reaction within the cavity
zone is estimated from the static temperature measurements.
The effect of power extraction on these measured parameters
is examined. :

Experiments

The static temperature of the supersonic free jet of the
lasing medium is measured with the spatially, spectrally,
rapidly scanning spectrograph system.? Average number den-
sities of HF(3) along the line of sight are also deduced. The -
spectroscopic technique was chosen because the medium is
highly corrosive, and a conventional temperature probe can-
not survive in a large F or F, flow at high stagnation tem-
peratures. The optical method has the advantage that the
medium is not disturbed by the measurement, and therefore,
the medium can be observed with or without laser cavity for
comparison. The HF 3—0 vibrational-rotational P-branch
was selected for several reasons.” With low Einstein transition
probabilities applicable, the observed medium is optically thin
even at large HF densities or with large amounts of recir-
culating HF(0). The use of a second overtone negates concern
with atmospheric -absorptions. For rapid scanning,
photomultiplier tube detectors dictate the use of the second or
higher overtone; for the largest signal, the HF(3) level is used.
The first five P-branch lines are used because they can be
treated as isolated spectral lines without interference from the
4—1 band.

The grating spectrograph system is shown in Fig. 1. It has
been discussed previously.?* A rapid spectral scan over 20 nm
centered at wavelength 880 nm requires 20 msec; the scan
period is 0.1 sec. Geometric axes can be defined with the
origin at the center of the nozzle exit plane and with x-y-z
axes; the z axis parallels the laser cavity centerline. Tran-
slation of spectrographic field of view (FOV) along z is ac-
complished by the slow pivoting mirror movement; along x, it
is accomplished by the motion of the MESA chamber and
spectrograph structure relative to the nozzle array. The
position of the FOV in the laser medium is determined by two
potentiometer linkages to the moving parts; spatial
calibration is performed by means of a two-ended He-Ne 633-
nm laser located inside the spectrograph on the optical cen-
terline. A double 45-deg mirror system reorients the vertical
entrance slit parallel to the x axis. The effective solid angle of
the system is 2.3x 103 steradians An absolute intensity
calibration of the system is performed.
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Fig. 1 Spectrograph experiment. The 12-port cylindrical laser cham-
ber is schematically depicted in end view looking along x with the ex-
periment on top. The insert shows the x-y-z coordinate system. The
nozzle and cavity systems are described in the text.

Mach numbers are estimated from photographs of angles
of shocks emanating from the leading edge of a water-cooled,
24-deg copper wedge located at x=12.7 cm and z=0 before
chamber movement. This edge is therefore 2.5 c¢cm down-
stream of the cavity.

Pitot and static pressures are measured in the supersonic
free jet by means of the typical pitot static probe. This con-
sists of a flat plate wedge with a pitot tube appendage on the
probe centerline below the flat plate surface. The body of the
probe is constructed of copper and is water cooled. Static
pressure is sensed through a 0.0396-cm-diam port 0.51 cm aft
of the leading edge on the flat plate by one of two strain-gage
pressure transducers within the probe body. Since the gage is
close to the port, the response time is minimized. The 0.0127-
cm-thick, 0.0635-cm-diam copper pitot tube protrudes from
the wedge even with the leading edge. Because the probe sur-
face is cooled, because the freestream unit Reynolds number
is high (Re=2x10°/ft), and because the Mach number is
moderate, the induced pressure and flow deflection produced
by the probe can be neglected. To determine any effect of the
proximity of the wedge edge on the pitot pressure, the
pressure measured by the pitot static probe is compared with
that measured by a previously developed* single pitot
pressure probe model. For nearly identical flows, the pitot
pressures measured by the two probes differed by only 0.90%;
hence, no wedge effect exists. Probe z-transverse speed is
0.064 cm-sec ~! for reasonable resolution.

Theory

The formulae for deducing T and N;L have previously
been given for the case when T is spatially uniform within
the optical volume.?’ Success in optically determining the
static temperature depends on the assumptions that the
rotational levels of a given vibrational state are equilibrated,
and that the rotational and translational degrees of freedom
in HF are equilibrated with themselves and with the bath
molecules. For the present flow rates, pressures, and
estimated temperatures in the jet, at least 50 to 100 collisions
can occur in a 2-mm-diam spherical volume, even in the direc-
tion of the supersonic stream in a 10-Torr, 400-K, Mach 4
flow. The bath molecules are predominantly H, or He on a
1:1 ratio. Recent work® shows that equilibration occurs for
HF(2) at rotational quantum numbers J=<4 within 30
collisions in an H, bath. The number of collisions is adequate
to achieve equilibration for J<4 even if the observed HF(v) is
the newly reacted product. The emission consists of isolated
spectral lines and can be considered to be emanating from an
optically thin medium. For these estimated HF con-
centrations, the Doppler width is 3 x 10 ~* nm, which is con-
siderably smaller than the instrument width, 1.75 nm.

some great distance downstream in the free jet when the fuel is
well mixed with the other species. In the oxidizer nozzle exit, vy
and W, are specified by the flow rates and the estimated F,
dissociation. At the downstream position, the additional in-
formation on fuel flow rate and the additional assumptions of
complete combustion to HF and total mixing are used.
Because of the great dilutions, any errors in estimating
oxidizer or product species are not serious. With the wedge,
Mach number is found with the usual relation involving M
with v, the shock angle, and the wedge half angle. With the
pressure probes, a Rayleigh formula can be used, relating
ratio of pitot and static pressures to v and M; alternatively, at
the nozzle exit, the ratio of nozzle plenum and pitot pressures
can be used.

The study of the thermal effects depend on the relation at
any local jet position:

T=(To) {1+ (y—DM?/2]} 7! (6]

T, is changed along a streamline by nonadiabatic phenomena.
In a jet control volume, the total rate of increase of stagnation
enthalpy equals the heat transferred to the volume; at a down-
stream position 2,

Tor={ MRy 1 (y=1)1,} "1{[mRy " (y=1)T,] 1p
+[mRy = (y=1) TlyusL + Ocupm — 10° W} 2

The first two r.h.s. terms are stagnation enthalpies of gases
from the oxidizer nozzles and fuel, respectively. The third
term is the heat generated from the HF-producing chemical
reactions; Qcpeym equals (14224-7255«) ring, .

The Laser

The cw HF laser used in these tests is a supersonic diffusion
laser that uses arc-heated He to dissociate the F, oxidizer. The
laser is located at the Rocket Propulsion Lab. so that large
flow rates of F, can be handled. The fuel used is H,, and the
instrumentation is remotely controlled from a blockhouse.
The He is heated in an arc plenum in a dc arc device and is in-
jected into the nozzle plenum to mix with F, and additional
He. The F, F,, and He are then supersonically expanded in
one of two possible cooled nozzle arrays into a laser chamber
kept at low pressures such that a supersonic free jet system is
formed. H, is injected from secondary nozzles in the arrays
on the exit plane and mixes with the oxidizer flow. The
predominant exothermic reaction

F+H,—-HF(v)+H 3)

occurs, producing the lasing species. The jets are then
exhausted through heat exchangers and a straight 60-cm-diam
pipe to a high-capacity steam injector system capable of low-
Torr operation for an extended time interval.

The two nozzle arrays consist of axisymmetric and two-
dimensional slit nozzles. The axisymmetric pattern is 3.8 cm
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Fig. 2 Plots of rotational temperature 75 and HF(3) number density’

N;L vs transverse coordinate for slit array, Test 418 (power-off).
Specific test conditions are given in Table 1. Transverse scans were
performed at the following x stations: 0.635 (0.25 in.), 1.905, 3.175,
5.715, and 8.255 (3.25 in.) cm. Two stations are shown. Optical
spatial resolution is Ax X Az=0.89 em X 0.23 cm. ’

high by 22.8 cm long in the z direction, the direction of the
cavity axis. The pattern consists of 655 conical oxidizer noz-
Zles in 69 vertical columns with alternate nine- and ten-nozzle
columns. Each nozzle has a nominal exit-to-throat area ratio
of 18 and an exit area 0.25 cm in diameter. Concentrically
located, a fuel nozzle surrounds each oxidizer nozzle. The slit
array consists of 50 oxidizer nozzles with a total area of 1.90
by 22.8 ¢cm. The nominal area ratio is 30. The oxidizer nozzles
alternate with 51 narrower fuel nozzles. The relative effective
“wetted’’ perimeter between oxidizer and fuel for the axisym-
metric nozzle bank is 5.4 times that of the slit nozzle.

The laser cavity consists of 10.2-cm-square gold-coated
mirrors over-coated with MgF, in a stable configuration. One
mirror is flat; the other nominally has a 304-cm radius of cur-
vature. The cavity is 56 ¢m long. Power measurements are
made by means of the closed-cavity technique, which involves
the calorimetric measurement of photon energy transferred to
the mirror. Mirror tilt can be remotely controlled to move the
cavity axis in the x or y direction. The entire mirror system can
be translated in the x direction without tilt to map the gain
zone by the same movement of the laser chamber that moves
the spectrograph system.

Results and Discussion

Typical spatial distributions in z of T and N;L for the slit
nozzle are shown in Fig. 2; the typical optical resolution
Ax X Az at y=0is given. Flow conditions are given in Table 1.
The conditions chosen for study approximate those for op-
timum laser power. Test points 414-16 and 417-03 were laser
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power-on tests with the axisymmetric array. Test points 413-
36 and 419-02 were the power-on runs with the slit array,
whereas 418 was the corresponding laser power-off case with
virtually identical flow conditions. To allow rapid spatial
scanning and to maintain an effective minimum signal-to-
noise ratio of ~ 10, no attempt has been made to resolve in-
dividual flamesheets in these studies. The uncertainties in 7,
are estimated to be +SO0K with 95% confidence for most
points and for some low-level, but readable, intensity signals
as great as =+ 100K. The uncertainties in relative N;L from
place to place in the flow are ~30% of value. The uncertainty
in an absolute number density is estimated to be a factor of 2
at best since an absolute radiance calibration and a precise
definition of the optical geometry must be made. These results
from the data reduction of the oscilloscope pictures, which
are the average of ten spectral scans, agree with a more
detailed single-scan analysis.® With the scanning mirror in
motion, the effective movement in z for the ten scans is 0.5
cm,

T and N;L exhibit jet transverse uniformity in z over 18 of
23 c¢m. This result appears to be independent of nozzle bank
and laser power conditions and is obviously a reflection of the
uniform plenum distribution of F and F, because T depends
on heat flux from exothermic reactions [Egs. (1) and (2);
N;L can be shown in an excess fuel condition to be propor-
tional to initial F plus F, densities at nozzle exits. Near the
edges of the jet, the lower T and N;L suggest a decrease in
the oxidizer concentration near the plenum walls. The same
transversely uniform properties have been observed at several
downstream x stations (Fig. 2) in the power-off condition. A
similar uniformity trend was evident in the pressure
measurements.

Spatial variations in x are shown in Fig. 3 for power-off
(Test 418) and power-on (Test 419-02) conditions in the slit
nozzle. These variations are all at z=0 although similar plots
at other z points can be constructed from the data. They
reflect the cumulative effects of heat release during com-
bustion, weak oblique shock structure, expansion waves, and
power extraction. The spatial resolution (0.2 X 0.9 cm) is suf-
ficiently low such that the measured parameters are spatially
averaged over one oxidizer jet in the z direction. However, the
average is weighted where HF(3) is present, i.e., in the flame
regions. (Photographs show that jet expansion is considerable
along the y axis since the jet is substantially underexpanded.)
Similar results are obtained in axisymmetric Test 417-03
(Table 1). -

A comparison of power-off and power-on conditions (Fig.
3) suggests that HF(3) is affected by the photon flux at small
x and that a ‘‘cooling effect’’ is manifested. In the power-on
case, the spectrographic optical volume is always within the
laser cavity and 0.63 cm from the upstream cavity edge. For
Test 418, M can be taken as the average (=2.3) of those for
413 and 419 with less than 3% error because of the similar
flow conditions; reduction of the power in 413-36 by more
than a factor of 5, as a result of cavity mirror rotation,
produced no change in M at x=12.7cm. This is consistent
with present laser power extracted being ~ 3% of the total jet
energy in terms of stagnation enthalpy. Therefore, the

Table1l Operating conditions

) Flow rates

Test (g-sec 1) P, p T,p e B P M w

He F, H, (psia) (K) (Torr) x=127cm (kW)
’ Axisymmetric array
414-16 23.8 15.1 14.8 70 1630 0.95 14.8 2.2 10.7
417-03 28.7 14.8 147 81 1330 0.65 18.4 1.7 11.6
Slit array )

413-36 200 150 109 90 1440 . 0.76 12.6 2.4 2.2 12.4

418 19.9 153 11.0 92 1373 0.64 12.3 33 0

419-02 20.0 14.8 10.9 90 1280 0.48 12.7 2.3 2.4 12.4
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Fig. 3 Plots of a) rotational temperature T and b) HF(3) number
density 1\73L vs flow coordinate x for slit nozzle array. Tests 418
(power off) and 419-02 (power on). z=0. Optical spatial resolution
AxXAz=0.89 cm X 0.20 cm. Model curves are from jet calorimetry.
Curve A: Fully mixed, no reaction. Curve B: Complete mixing and
reaction, vibrational-translational transfer. Curve C: Complete
mixing and reaction, no vibrational-translational transfer. Curve D:
Complete mixing and reaction, H + F, with full heat release to flow,
F + H, product HF with no vibrational-transiational transfer.

gasdynamics of the flow should be affected little by the ex-
traction. This fact is also reflected in the stagnation tem-
perature calculation Eq. (2) for power-off (Test 418) and
power-on conditions (419-2) (Table 2). The slight reduction in
T, in 419-2 as a result of power extraction is compensated for
by the slight reduction in «, yielding more exothermicity from
H +F.. Since the Mach numbers change little in these cases, T
changes by 5%, and therefore, the 30% or 100K change in ob-
served static temperature cannot be attributed to the gross ef-
fects of power extraction.

Curves computed from Eqgs. (1) and (2) and from M (Fig. 4)
are used to explain the 100K difference. These curves are
generated by the use of a control volume that encompasses all
the gas flow in the supersonic jet arrays. The upstream plane
of the volume is the exit plane, and the downstream plane is
station 2 at which M is recorded. Completeness in mixing and
combustion is obviously a better assumption for large x.
However, the assumption is probably locally valid in the
regions of strong HF(3) emission, i.e., the reaction zone
where mixing and reaction are largely completed. In any case,
calculated T is a realistic upper limit for T. In Fig. 3, the ex-
perimental observations are indeed between Curve B (com-
pleted mixing and reaction) and Curve A (completed mixing
with no reaction). The agreement of Curve B with the power-
off points is good. The uncertainty in measuring wedge Mach
numbers is 5%, which leads to a corresponding uncertainty in
acalculated T of 5% or +30K.

Curve C represents the heat transfer to a jet at 418 con-
ditions from initial translational energy produced by reactions
F+H, and H+F,. In the former reaction,’ only 30% of the
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exothermic energy becomes translational energy; in the lat-
ter,® 50% does. A static temperature discrepancy of exactly
the correct magnitude is generated between Curves B and C,
which implies that inside the upstream cavity edge the internal
vibrational and rotational energies of local HF(v) are nearly
completely extracted as photons. Because of the highly
coupled, stable, closed-cavity configuration, it is probable
that many of these photons are reabsorbed downstream,
saturating the medium and equalizing the spatially .
inhomogeneous number densities. This reabsorbed photon
energy ultimately must become translational energy through
collisional deactivation. We anticipate that 7 measured at the
downstream cavity edge would approach T observed at that
x for zero-power conditions, and no discrepancy in tem-
perature would be found. Therefore, the observed tem-
perature difference is a local effect.

T calculated at 12.7 ¢cm is a good basis of comparison for
the completeness of reaction in the case of free jets with
monotonically increasing 7. In Table 2, some comparisons of
Tr at x=2.54 cm and T at 12.7 cm are made. It can be seen
from the larger T, /T ratio that the axisymmetric bank is a
faster reacting array (and therefore faster mixing). Since the
mixing processes for the two arrays are similar, this is con-
sistent with the greater wetted perimeter in the axisymmetric
array. The HF pumping reactions and the net deactivations
are accelerated. For approximately the same flow conditions,
a shorter gain zone is expected and observed, since an x
variation of the cavity shows the power zone length in x to be
half that for the slit bank.

Pitot- and static-pressure measurements were made in Test
418 on nozzles in a plane 0.13 ¢m downstream of the exit
plane and at stations x=1.40, 2.67, and 7.75 cm. Typical
measurements on the centerline of these nozzles are listed in

- Table 3 for station 0.13. The pitot probe burned or melted off

after station 1.40 so that only static pressure was recorded for
stations 2.67, 5.09, and 7.75. In Table 3, the Mach number is

Table2 Calorimetry
Ocuem w
_ - , — T, M T Ty
Test [MR(y=Dvy ™", [MR(y=Dvy ™"l x=127 x=12.7 x=12.7 x=2.54 Tp/T
(K) (K) x) (K) (K)
414-19¢ 347 25 1172 2.9 378 330 0.87
418" 553 0 1211 (2.3) 528 370 0.70
419-02° 553 43 1209 2.4 500 252 0.50

“4Test 414-19; axisymmetric array. ®Test 418 and 419-02: slit array.
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Table3 Pitotand static pressures at nozzle exit station
Test 418, P, p =95 psi

Nozzle D p,/Pp M 14 p/p; M
no. (Torr) (Torr)

20 360 0.074 6.4 10.6 0.0294 4.8
21 450 0.091 5.9 10.0 0.0222 5.5
22 410 0.083 6.1 10.2 0.0248 5.2
23 350 0.072 6.5 9.4 0.0268 5.0
24 420 0.086 6.1 9.5 0.0226 5.5
25 430 0.087 6.0 10.0 0.0232 5.4
26 480 0.097 5.8 9.5 0.0198 5.8
average 6.1+0.3 5.5+0.3

calculated on the basis of either the measured pitot and
plenum pressures or the measured pitot and static pressures by
the use of the appropriate Rayleigh formula for seven cen-
trally located nozzles. M is 6.1 +£0.3 (at the nozzle exit) when
calculated from the former method to a 90% confidence in-
terval, and is 5.5£0.3 when calculated from the latter. The
differing results are associated with difficulty in reading the
pitot pressure. There are both a probe effect and shock struc-
ture in the flow that influence the pitot pressure observed. The
probe effect is a small asymmetry in the scan caused by the
trapping of nozzle wall boundary layer between wedge and
pitot probe when the probe is very close to the nozzle exit
plane, thereby making the observed pitot pressure higher on
the side of the probe where the wedge wall is located. The ef-
fect disappears as soon as the probe is moved aft of the nozzle
exit plane. The shock structure is caused by a “‘displacement
wedge’’ effect resulting from the F+H, reaction beginning
just downstream of the nozzle exit.?§ The effect may also
contribute to nozzle wall separation and attendant separation
shock waves. )

The Mach number calculated from the pitot- and static-,
pressure measurements at station 1.40 is 4.4+0.3, although
there is considerable variation in the pitot and static pressures
measured. Variations in pitot pressures are assumed to be real
and are probably the result of variations in nozzle conditions
and mixing and reaction in the flowfield. The scale of the
pitot probe is small enough (between 0.038 cm and 0.086 ¢cm)
to exhibit much of the flow structure. However, for the static
pressure, shock waves in the flow reflecting from the flat plate
surface where the pressure is sensed can cause pressures that
are higher than those in the flow behind the shock. The static

- pressure measured in this region must be considered to have
an uncertainty of +20%, which must be reflected in the un-
certainty of the flow Mach number. As expected, the static
pressure profile observed begins to smooth out at the down-
stream locations by the reduction in variation from the mean.
The axial variations of static pressure and Mach number are
plotted in Fig. 4 and are found to be large at small x. From the
measured static pressure and the temperature obtained from
rotational temperature data on the same test, density in the
flowfield was calculated (Fig. 4). Downstream, the average
W; was determined with all gases input to the plenum and at
the nozzle exit assumed to be well mixed. At the nozzle exit
station, W; was taken to be that of the plenum gas. Since the
centerline static pressure is representative of the flame zone.
pressures in these diluted flows, the deduced mass density is
an average density in the flame zone at given x. A local gas
velocity can also be computed.

The observed trends for local 7, p, M, and p are considered
to be representative of the free, underexpanded, supersonic
reacting jet array. The density reflects the static pressure that
is to be expected since the temperature, after a sharp rise close
to the nozzle exit, is nearly steady. The Mach number close to
the nozzle exit drops rapidly, reflecting the sharp rise in tem-

§W. R. Warren, Jr., ‘“‘Reacting Flow and Pressure Recovery
Processes in HEF/DF Chemical Lasers,”” presented at the Fourth In-
ternational Colloguium on Gas Dynamics of Explosions and Reactive
Systems, University of Calif., San Diego, Calif., July 10-13, 1973.

perature and hence sound speed. The continued decrease in
Mach number with distance must be interpreted to be a
slowing down of the jet as it mixes with the still air around it
in the test section. Deduced values must be taken with large
uncertainty limits because of inherent uncertainties in the
measurements.

Conclusion

An approach in which combined experiments are used to
determine certain important time-averaged, spatially
averaged fluid properties of a reacting (F+H,) supersonic
free jet of a chemical laser is demonstrated. The effect of
closed cavity HF lasing on this jet is discussed. The technique
of using a rapid-scanning spectrograph to study the
chemiluminescence is described.

Appendix

The spontaneous emission power per unit volume and solid
angle from an isolated spectral line with width much less than
instrument width is given by

hc

P(v,J,\) = — AN, @, (2J+1)exp[ -
47\

< %2 ]

foo] -2500: (

10+
Ty

Ty
T(r)

)

where v and J are the vibrational and rotational quantum
numbers and X\ the wavelength. A4 (v,J,\) is the Einstein coef-
ficient, @ the characteristic rotational temperature, and » the
transmission coefficient. Spatial variations in number density
N, and gas temperature T are considered. The averages of
these over optical volume 7 are N, and T. It is clear that for
uniform 7T in 7, the well-known analysis® for T will result
regardless of nonuniformities in N(r). The volume integral is
unity. Generally, the integral measures the deviation of each
spectral line power resulting from spatial nonuniformities in
T from the straight line given by In[AP/A4 (2J+ 1)} vs J(J+ 1)
@. The exponential in the integrand is a dominant term at
large J. The value of the integral, and therefore the deviation,
then increases with J. The appearance is that of a concave up-
ward distribution of spectral lines on the J(J+1) @ graph
when T is nonuniform in 7. The same trend can be generated
when the independent variable is time instead of r. '® The third
possibility for a nonlinear behavior in J(J+1) @ is a non-
Boltzmann rotational distribution at large J. !

We examined a one-dimensional case of large density and
small temperature variations:

N(z)/N=1—cos2nz/L

T(z)/Tr=(1—¢€) +e(l—cos2wz/L)

where perturbation e is 0.3. The computed values for the in-
tegral from —L to + L for J=0to 10 are 0.887, 0.904, 0.941,
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1.005, 1.109, 1.271, 1.521, 1.909, 2.518, 3.494, and 5.108.
The average Ty is 280 K (so @/ Ty is 0.1); the apparent tem-
perature deduced from the first five P-branch lines of HF
3—01is 309 K. For +=30% fluctuations in T, the deduced tem-
perature is only 10% larger than 7.
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