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i. Intfoduction

This report summarizes research unaer grant NAG 2-104 from
spring 1981 through sumﬁer 1984 on the topié of noninvasive measure-
ment of density and temperature fluctuations in turbulent air flow.
The approach that has been inVestigatgd uses fluorescencavcf oxvgen
molecules which are selectively excited by a_tuuable vacuﬁm'
ultraviolef laser beam. The strength of the fluorescence signal and
its dependence on laser wavelength vary with the density and tempera-
ture of the air in the laser beam. Because fluorescence can be
detected at 50° from the beam propagation direction, spatial
resoiution ir three dimensiouns, rather than ﬁath*integréted messuro=-
ments, can be achieved. With spatial resolutions of the order of a
millimeter and at supersonic alr velocities it is necessary to
perforh each measurement in a timé of the order of a micvesecond;
this is possible by using laser pulses of ten nanosecond duratioun.

In ‘this method atmospheric 02 is excited by the emission cf 2
tunable ArF excimer 1aser, and the fluorescence, which spans the
210 - 420 range, is detected by an ultraviolet phototube. The ArF¥
laser {s tunable over the 193-1%4 num range, which includes several
rotational features of the Schumann-Runge absorpticn system of 02.
Figures I andé 2 show the spectroscopic details of interest here.
Since the ground state rotatlional level fractionzl populations are
affected by temperature, and .the total number of 02 molecules in the
observation velume depends ou the density of the sir, there is the
possibility of simultaneous determination of both temperature and

density. Oviginally, we planned to use non-specific excitation with
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a wa#elength—dispersivg optical receiver to sense the relative
popﬁlaiions in the excited rotaticnal states. However, furthgr
finvestigation revealed that predissociation of the excited B(v' = 4}
Jevel occurs within a few picoseconds, imﬁlying that :hosé states do
not equilibfate. For the same feasdns,'the'flﬁoreﬁcence is very
weak, (tﬁe quaﬁtum yield is 4xlo_5), and the iosses associated with
the dispersive receiver opt;cs would‘sefiously reduce thé signal to

noise ratio. The predissociation results in formation of two 03

molecules for each absorbed photon at 193 am, and 03

large, broad absorption near 260 nm. Therefore, some attention was

~has a very

given to the possibility of observing the O3 produced by a tuned ArF
1a§er excitation of the»O2 rotational states. However, the maximun
03 concentration produced is of the order of 1014 cm_s, and this must

be detected in a 1 mm3 volume (i.e., the ontical path is 1 =mm),

giving an absorption of only 0.01%Z. A low pressure mercury aolscharge

- lamp can provide a reasonable S/N for detection near 234 nm, but even

with parallel differential path detection.we found that low level
refractive variations In the laboratory air made it difficuit to
detect the presenge of the 03 in 2 1 mm path. It appeared unlikely
that the additional two orders of magnitude sensitivitf needed for
quantitative turbulence measurements could be realized with that
approach. Similar}y, luorescence from 03 or other products of the
O2 dissociation occur with very low yield and are more difficult to
monitor than O2 fluorescence. For these reasons we are led to
consider the system in which rotational states of the ground

X (v; = 0) level are probed selectively with the ArF laser, with

02 fluorescence providing a signal proportional to the ground state
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populatioans before excitation.

Given that the above method 1is chosen, there remain scme systen
alternatives. In one counfiguration the sade alr volume is
illuﬁinated_by two different ArT waveléngths in rapid 3uccession, and
the time-resoived fluoresceunce ratio.permits separation of teapera-
“ture Information from density variations. Alternatively,.one can Qse
a single ArF wavélength and measure both fluorescence (p:iharily |
220-260 nm) and Rayleigh scattered 193 nmvlight. The Rayleigh signal
depends on the.gas density while thé fluorescence dépendé both on
temperature and density, so that the two effects are easily
separated. This latter method is less comélica:ed and more accurate
than the dual wavelength technique, but it cannot be employed with
air samples heavily loaded with particulate matter. Ve ha&e
inveséigated both techniques expérimentally, and the results are
described below. Details of the O2 spectroctopy have besn published
in Reference 1 and'§n papers cited therein, and the O3 experiments
have been describéd in interim progress reports {(Grant WAG 2-104 .
September 1981-March 1982, April-September 1982, and Octoberwjuﬁg

1983). This report will, therefore, documeut other findings of this

study.

2. ArfF lLaser

The Schumann-Runge absorptions of interest are the P and R

branch overlapping pairs of lines:



P13/R15  192.9 nm
PIS/R17  193.1 an
P17/R19  193.3 na
P1S/R21 . 193.5 nam
PZIIRZS - 1893.7 um

P23/R25  193.9 nm

The ArF laser outpﬁt peaks near 193;5’pm, but with pfismatic tuning
optics it can supply sufficient ene:gy (~1mJ) near 193.1 nﬁ and>
193.9 nm in linewldths about 0.1 am {20 cm—l). Tﬁis-proviaes for
rotationally specific gxcitation,'although the eff1ciency is not

ideal because the 0, absorption linés are only 3_cm-14wide. The

2
primary Ar?¥F 1533: characteristics of interest-are the high single

pass.gain4and short gain duration (~10 ns). The optical cavity used

here is more tham one meter long, sc that light completes only about

‘one round trip during the gain futerval. VWavelengths selection

techniques are less effective in this case than they would be in a
device with lover gain and longer buildus time. The laser developed
for this work employs a l;meter discharge gain chanqel enclésed by
CaF2 w;ndows, wifh two Brewster angle fused siiica érisﬁs and a total
reflector at one end and a slit and uncoated fused silica etaloﬁ at
the opposite end; fhe combisétion cf prisms and slit proves
wavelangth selectivity; tuning fs accomplished Sy adjusting the arzle
of the totally reflectirg mirror. The coufiguration is shown in
Figure 3. The tuning device cannot be very lossy (as a grating would
be), because thﬁ?é is alwavs nondispersed radiation generated im the

gain channel traveling in the direction of the output etalon, and

Pri- Y
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FIGURE 3. Schematic diagram of the optical system of the ArF laser used for fluorescence

excitation. Tuning is accomplished by tilting the fully reflecting mirror Mir



thié broadband light competes with the energy returning from the
tuning optics. -

The laser iévdischarge pumped withvultravialef preiénization
‘furniéhed by a spark plug aftay. Voltage is supplied by a
Hipotronics Model 850-20 power supply which stofes energy in a
50 aF capacicﬁr. One end of this capacitor is suitched t& ground by
"a Tachisto Model 510 triggéred spark gap, while the other {s
connected to a 20 aF array of barium titanate capacitoré mounted
directly above the cathode rail of the laser {see Figure 4). This
provides a voltége that reaches -25kV {n épproximatély 70 ns and then
discharges into the channel in about 15 ns. The mechanlcal arrange-
ment of these components is critical in achieving the necessary fast
discharge. Four of the barium titanate capacifors retura current to
grounﬁvthrough an array of spark plug preicnizers'along cne éide of
the discharge channel. DBecause this lasaer Is to be used with prism
and slit tuning optigs the electrodes are narrower (~1.2 cm widey
than conventional lasers designed to produce a §quare gain region.
With 30kV on the storage capaclitor and 2 atmosphevzss total gas
pressure the device emits 2-6 mJ in a 20 <:m..1 linewidth. The gas
mixture is approximately 10%Z Ar, 107 mixture of 5% Fz in He, aad 80Q%
pure He, separately metered aﬁd monitored Iin a fiowing system
proQiding about 2 liter per minute loungitudinal flow through the
laser. The gas mixture was found to %“e critical for attaining high
gain. After‘the fiow rates were optimized experiqentally, even a 10%
change in one of the inlet components produced a targe drop in

output. The system flow was made as large as possible consistent

with the laser body pressure and resistance in the fmm stainless
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FIGURE 4. Laser clectrical schematic diagram. Two lasers can be run in parallel with independent
triggering. ' : :
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steel tubiang used to exhaust the gas.
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A . large number of experiments were carried out earlier in this
- : program to improva the laser performance. Briefly, the results may
Y be summarized as follows:
£ 1. A 60 cm discharge channel produced much less (2 to 10 times)
;; output energy and galn than the 100 cm channel under the
P best conditions.
; 2. Mesh electrodes, segmented and ballasted electrodes, and
% electrodes with imbedded corona wire preionization produced .
P less output than smooth single~piece electrodes.
é] 3. It was not possible to increase the duration of gain in the
= channel, : :
Zo _
o o 4. The optimum preionization source was a spark gap array

{modified Champion L78 spark plugs) oa ome side of cthe
discharge channel, driven by only a sma2ll fraction of the
discharge current. Techniques.which were successful with
He:NZ lasexrs proved quize unsuccessfiul with ArF,

Mechanically the laser body was constructed of a single plece of

I S e

s gy

ETE e

alumﬁnum wilth a Teflon ccovered ;crylic plastic 1id'seéled with a
large Viton O-ring. The anode electrode rail and heoles for the spark
pteioni?er plugs vwere machined into the aluminum body. The cathode

? raii vas suspended from the plastic 1id and attached to the capacitor
; array by a row of feedthroughs. No recirculating blower was used to
move the gas in the body, although inclusion of such a device

probably would have jmproved the laser performance.

Tuo identical laser bodies were constructed for the dual wave-

L e gy s g
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length experiments. We foun. that they could be changed at repeti-

g

tion rates up to a few Hz from a single DC source wita ballast

resistance of about 2M{ between the source and the energy storage

1
A
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capacitors. Trigger jitter was much less than one microsecond with

4

the spark gap pressure adjusted properly. The entire Laser and high
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voltage system was enclesed in an aluminum box for shielding.
Additicnal boxes.with feedthroughs'ét each end permitted us to
evacuate and backfill the optical paths with Nz; A purged tube
carried the laser‘beams to the experimental table. The laser

electronic system was isolated from the laboratory voltage source by

a larger isoclation transformer to reduce interference Zn the receiver

and computer.

.

“.._Optical Receiver

Detectfion of the 02 fluorescence, which 1s.concentrated in the
220-260 nnm region, as well as monitoriag of scattered 193 nm energy,
is. easily done using bialkali photomuliiplier tubes with fused silica
windows. We used Hamamatsﬁ type R292 and R760 detectors in this
work. For fluoresceivce measurements it is necessary to eliminate
193 nm radiation {(without introducing additional fluorescence) while
passing 220 am and longer wavelengths., VWe found that filters of this
type are difficult to obtain. Several conmercially availaple filter
glasses were tested, and we fouand that their short wavelength
charactiteristics were not as indicated fn the literature. Aikali
halide crystals were also evaluated. Samples of 6 mm thick KBr
transmitted C¢.1% at 193 om, 45% 2t 220 nm, 60%Z a2t 240 um, and above
70% beyond 270 am. Sodium chloride passed 1% of the 193 nm signal,
more than 70% at 225 nm, and about 80Z beyond 25(¢ nm. Both materials
are casily degraded by laboratory humidity. The most successful
filters we have found are crystal calcite (CaCO3} aud multilaver

dielectric mirrors (marrowband 193 am high reflectors) deposited c¢n

3
{
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v ‘both sides of a fused silica substfate._ The multilayer filter péssed

about 0.12 of the .193 nm energy and transmitted mor~ than 70% »f the

e 1

fluorescence. Our calcita éamp1¢ with @ 1 cm thickuess bldckgh
essenéially all the ;93‘um raéiation aﬁé.about haif the flﬁorescence.
fhis'samyle generated very weak fluorescence near 600 am, whéle the
mirrors show slightly greater amounts”ef Bl,e—whiﬁe fluorescerce from
the ccatings and the_substrate, In general th- coated filter is more
épprcpriate when there is not co9'much 193_nm background and the

_ fluorescence 1is weak,.while tne,caicite werks -better inAs}tJa*ions
where attenuation at 193 nom is ﬁost important.

In this work we employed-a fused SLIica co11ecting lens 65 25imn
aperture a2nd 50 mm Qorkiﬁg-distaﬂce. Thevflugregcencé vas imaged
cnte a slit in fropt of the filter and phototuve so that a 1 nwm path

v length-aloﬁg the laser beaﬁ axis Qas‘selected. For expériménts
réquiring a greater zorking distance or a spatiai re:olution better
than about 2 millimeter, this apprcach probably is nof practical.
For large working distances an all—refléctive optical syster similar

. '~ to the Schwartzchild microscope objective can be ngd'(see Figure 373.

;n this system the spherifcal aber;ations of concave and c@nvsx

mirrors compeasate sach other. Early in this work we designed (see

Reference Z) and constructed such a collector witn a 30 cm Jdrklng

distance, F/3 collection angle, and sample resolution better than 45

microreters, Although such systems are bulky they provide a way to
collect broadband UV efficiently aund with the great advantage that

the masking aperture alifignment and focusing can be done exactly with

- -

T visible light. Care must be taken to obtain highly reflecting UV

coatings on substrates more than a few cm in diamecer.
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FIGURE 5. Reflecting cellector for use with large working distances. Both mirror surfaces

are spherical, fHumerical apertures up to 0,6 arc practical,
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- The numbter of dynodés used in the phototibes was selected to
provide an output current within the ma#imum rating for the tube,
L.es, a fev- tens of microamperes. For the 10 as optical pulse

duration this corresponds to an output charge siightly gr&atef than

-13 coulomb. Typically, the cathode éharge was in the

10714 - 30713

10
' coulomdb range. To‘avqid problems:with electromagnetic
interfétence the éutput chérge wa# s;ered-§u,the ;oéxial cable

(~100 pF) connecting the phototube to its videofamplifie:;‘ A
potential step of about Q/C = 10“3 volts {s theréfdre présenéed to
the amplifier input. Since pcéentials invthé one-velt range afe
needed for slgnal'processiﬁg ﬁj the digitizer and comaputer, -the
required amplifier voltage gain is abéut 1000.- In experimeunts with
tuo lasers at differeant wavelengths, the pulses must be nimé |
resolved. This re§uires that the risetimes of the voltage steps
should be about a microsascond. The circuit developed fox this
purpose ;s shovwn in Figure 6.

The output voltages were displayed.and'processed,in either of
tWo Ways. Tﬂe most direét way, useful when cnl? one laservis
employed, is to.apply ihe fluorescence decaétor voitaée to the Y axis
and'tﬁe laser pcwer or Rayleigh scattering voltage to the X axis of a
storage oscilloécoﬁe. With beam parameters correctly adjusted each
laser pulse produceé a small dot on the displéy, the anglé of the dot
position relative to tle axes répresentiﬁg the efficiency of the
fluorescence, As the sample density or temperasture changes and more
laser sampleé aré coileczed, a pattern Is formed on the screen. This
"{s easily recorded in & photograph for further processing. A single

streak of dots represents congtant sample conditions with the laser



> - 0 +15 volts
100k sy up
47k é 47k -
. ? 22k B B 0
: AN~ : : i
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nput 5
. O Output
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—0 ~15 volts . i

* Metal film : =50 uF , j
#1 - LH0032CC  (National Semiconductor) , 1 | '

#2 = LML18YH

‘ ' . TS E
FICURE 6., Video amplifier eircult schematic Glagram, The -15 volt source is a battery package
moupted inside the amplifier enclosure to reduce laser interference,
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power fluctuating; A two dimensional pattern indicates iu polar form
any sample changeé or noise (angle) or laser fluctuations (radius)
from the X-Y origin. Figure 7 shows an example of such a data set.
For dual wavelength experiments with two lasers a nore complex
processor i{s needed. For this purpése we developedra'twa,channel,
8-bit digitizer which samples the waveforms at lOyvper seéond, s;cres
the values ian a8 remory, and diéplays‘the séépled uavefofm« The
voltages are double steps, one for each iaser in each detector
chanﬁel, and the two channels permit fluoresceacg.and a seccnd

variable (e.g., laser power or Rayleigh scattering) to bdbe monitored

~simultaneously. The system uses pairs of TRW Model TDC 10073 A/D

converters and TDC 1030 first—in first—-out memories for storing &4
psirs‘cf.S*bit'numberso The sample rate is adjustable aund typically
was set at 10 MHz. The sample values are transferred to a Commedore
64 computer which reconstructs the wzveform on {ts monitor screen.
A movablie cursor permits specific points on the wsaveform to be
évaluated numerically and printed. Ratios, differences, aud octher
functions are easily taken, and the waveforms themselves can be
recnrdéd ic hard copy form {(see Figure 8). |

Although this data collection procedure is slower than
c&llecting points autematically on the storage scope screen, it does
permit the collection of data corrupted by ;nterfereuce from the
lazer, and {t facilitates statistical processing. such as compucia-—

tion of standard deviations.
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Oxygen fluorescence (vertical) vs. Ravleigh scattered
laser energy tuned to P1l9/R21 for air at 29.5°C

(lower line) and at 58,5°C (upper line). Each pulse is
represented by one dot.
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FIGURE 8.  Output waveforms from the digitizer system with single pulse excitation (A) and double
pulse excitation (B). Note the presence of interference on the Channel 2 waveform in
(B). Increasing signal is downward snd zero signal is the dark. line at the top.



3. Experimental Results

Thé apparatus used in thevexpefiments is shown schematicalily In
Figure 9f A photoacoustié cell which could be filied with 02, Nz, or
air wvas used to yerify.the nature of the laser absorption'spectruﬁ
independently 6f optical fluorescence methods. Also a S5th crder
diffractionigrating and fluoreséeﬁt screen displayed;the pogition of
the léser wavelengths relative.;o the atmospheric abschtionvlines.
The reference signal could be derived either from 193 nm scattering
from the gas sample (Rayleigh reference) or from the laser power
écsttered from one of the lens s;rfaces (lasér reference), simply by
aiming-the uqfiltered photoﬁube assembly in different directions. A
Scientech Model 360 power meter was used to enéure that the laser
energy was in the 1-2 nJ range when tuned to lire éedfet, whic™ is
near t*= P19/R2} abscrption featura of 0,. |

From basic considerations ve expect that at temperature T the
fraction of 0? molecules in the J*'th rotationzl grouad state.shoul\

be

n{J)/n, = (23+1)(a/T) exp[-J(J+1) a/T} » | (1)

i

where a = hec Bv/k 2.0686 degrees Kelvin., We also know that the
total number density n, is proportional to p/kT, where v = pressure
and X is Boltzmann's constant. In addition, since P and R bdbranch

transitions occur in pairs, we can associate the rnumber J with the P

branch alone and write the detected fluorescence intensity as
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V‘I(J’ T, p, E) = (AEP/TZ) {(23+1) exp [-J(I+1) a/T]

+ (2J+3) exp [-(J+1$(5+2) a/Tl} ()

where 'E is the laser energy exciting the P(J)/R{J+2) transition and A

is a constant of proportiomality:

If the fluctuations in T and n produce small changes in I, then

the appropriate relatioﬁ is

TN A S SR o i o 3 Ylsad
Al S RS i SR LR 2 bt

AL/ = (AT/T) ([3(3+1) + (3+2) (3+3)] (a/2T) - 1} + sn/my, (3)

For the special case of air at constant pressure we have

G1/1y, = BT/T) {I@+1) + (3+2)(3+3)] (a/2T) - 2} (4)

There is also the inverse problem, in which we measure AI/I at 2

.
T T P T T P T A R TR T

laser wavelengths (2 J values) and we want to recover AT/T and

RN
IacURaa

3\
¥

L An/na. In that case a direct appiication of Cramer's Rule gives

k..
A

aT/T = [C,001/1), - C, (A1/1),1/(C;Cc, - C, C3) (5)
; /“é bnfng = [C,(AT/1) = C,(aT/1),1/(CiC, = C, Cy) T (6)

where C. = €, = 1 in this case and

+3)Y (a/f2T) - 1 (7)

(9]
#

3 (3 (
{ul(31+1) + ~J1+2)‘31




i

5y

T

TR

oS

Eé

BRI L SRR 2T G o

¥

€, = [I,(T,%1) + (3,42)(3,+3)] (a/2T) - 1 (e

The goal of the experiments is to verify the basic relatiouns
abcvg and to determine the accuracy with which the measurements cah
be made undexr practical cenditlons.

A fuudamental question i{s the seusitivity oi the system to
changes in the fluofe§éence, after theAlaéer power‘fluctuationSvare
ncrmalized out. With 2 single ArF 1asef>tuned to the P19/R21-line of
room temperaﬁure laboratory air we have estimatéé the accurac§ ofrthe
X~-Y display method with fiuorescence pulses plottéd against lsser
power. A fypical result is Figuré 18, for which the'peak spread is
+2%for a large number of samples. Alternatively, we have used the
éigitizer to cample the fluorescence/laser enérgyniatio for the same
line with the air temperature and density held comstant. The
conmputed staqggrd deviation for this ratib‘is 1.8%. These»numbets
are reosonable since each detector chanmnel produced about 104 cathe e
electrons per pulse in these experiments,

. Using a hot air blower and thernnistor theiacmeter to mové air at¢
constant pressure through the laser beam, we were abie to verify the
tenperature coefficients for . the fluorescence over the 20°¢ to 60°¢C
range. Tor example, by comparing the fluorescence signal to Rayleigh
scattered signal for air at oﬁe atmosphere pressure at two

~eOy
tempevratures, 325K and 296°K, we obtaln the following:

Line (Fluor

e
e

(Filuor

scence/Ravlieizh) at 325K
scence/Rayieigh) at 296K

Experiment , Thecry
P17/R19 1.128 ’ 1.114

P23/R25 1.302 1.302
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‘FIGURE 10. XY display of oxygen fluorescence vs.. laser energy tuned to the P19/R21 absorption
wavelength, Vertical thickness of the trace indicates the noise level.
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