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ABSTRACYT

Under NASA Grant NSG 1156 a tunable dye laser suitable for
differential absorption (DIAL) measurements of water vapor in the
troposphere was constructed, A multi-pass absorption cell for
calibration was also constructed, and both instruments were
transported to NASA~LaRC for use in an atomspherie DIAL measurement
of water vapor. The electronics,’ telescope, and photo-detectors
for the H20 lidar were constructed by NASA-LaRC personnel.

This final report under NSG 1156 cmphasizes the main Maryland
effort, namely the tunable dye laser and the calibrating absorption

cell,
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I. INTRODUCTION

The purposes of this report are (L) to describe the Eunable dye '
laser constructed for the University of Maryland - NASA:LaRC water
vapor lidar, (2) to serve as an operating manuanl for that laser, and
(3) to describe a large aperture, wmultipass absorption cell for
calibrating laser absorption by known amounts of water vapor.

The laser described here is a Lunubld dye laser operating in the
near infrared and pumped by a glant~pulse ruby laser. The nutput
wavelength can be varied from 715 to 740 nm with the presenv optical
elements and dye solution, However, this range can be extended
as far as 1000 um by an appropriate variation of dye, output mirrnr
and etalon. The conversion efficiency of ruby pump light into tunable
dye laser output is 57 with an upper limic of 30 mj set by the threshold
pf grating damage. The spectral width (FWil) is .0L nm and the beam
divergence less than 3 mr, It is assumed ﬁhatthe temporal behavior
of the dye laser output follows the ruby pump behavier. The apectral
outpuﬁ Is a discrete spectrum consisting of lines suparated.by the
mode spacing of the laser cnviiy which ds AGC = L/2L = J.O'-2 cm"l
corresponding to 5 » 10"4 nm, ?he layout ig shown schematically in
Figure 1 and discussed in detail in Section II.

The dye laser cavity itself conslsts of a dye cell, an output
mirror, an echelle g;ating used as o dispersive rear reflectpr, and
an Intra-cavity etalon. Associated with the cavity.is a dye circulating

system. and reservoir, along with beam-handling optics for the ruby laser



pump besm., Components which are in contact with Lthe dye are restricted
to stainless steel, plass and polyethylene, with O~ring scals of Teflon .
or ethylene-propylenc. The dndividual components are discussed in more
detail in subsequent wvections,

The degree of tuning of cach laser pulue to the water vapor
absorption lines wused dn the lidar applicatfon can De determined by
passing a portion of the taser light throuph an absorption cell containing
a known amount of water vaper. A loug cell for this purpose was constructed
by Maryland personnel, partly in College Park and partly at LaRC, and
installed under the laser Lable in Bldp. 1271 al Lake., The cell has
been used to measure H20 Line profiles as the lnsu; is tuned, and for
extensive dircct measurements of "on~line" absorption in the lidar wode.

Optical and electronic characteristics of the ecll and detectors are

described in Secction VIL,
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11, ASSEMBLY AND ALIGNMENT

A. Aligning the Dye laser Cavity

r

The dye laser cavity, Jiaprammed In Fipure {, consists of a
dye cell, a front vellector, an echelle grating, and a Flxed=-spacing
Fabry-Perot etalon, These components are mounted on a dovetall track
which establishea the optical uxls of the laser. TIn addition, a circu-
lating bump and dye reservelr are comnected to the dye cell, maintaining
a continuous flow of dye selution through the cell,

The fivst step in aligning the dye laser cavity is the defini-
tion of ¢ lasing axis. This da convenlently done by setting up a helium-
neon laser go that its beam travels alonpg “he desived cavity axdis. In
order to accomodate the helghts of the varfoun: laser components, this
axis must be set at a height 5 1/2" above the breadboard surface.

Onee the axls ﬂnu been delined, Lhe dovetail laser track must
be oriented parallel to and roughly centered belaw the helium-neon beam.
A pinhole mounted on a piece of dovetail saddle is helpful for this
step., 8lide the pinhole up and down the track, repositioning the track ff
until the beam hits the plnhole at both ends of the track, The track
is now aligned and should e clamped to the breadboard,

Integratlon of the dye c¢ell Into the system requireé that the
cell first be (illed with cleﬁr dye solvent. Since the dye solvent DMSO
has an index of refraction comparable to that of glnss, the dye-filled
cell will translate the laser axis hordzontally. 'The dye cell is wedged
by 30" so th;t the beam 1s alsgo deflécted in angle. Clear DMSO must be
used ih allpgnment to view this dlsplncémcnt sinee the dye solution will

not transmit the hellum-neon beam.  Clamp the CLlled dye eell to the

laser track and, LE necessary, transiate the cell sideways until the

3



helium-neon beam passes symmetrleally Lhrvougl fLs center,  Ag shown in
Figure 2, the beam should enter aad exit the coll about 1 em From the
window edges. .

Clamp the output veflector mount onto the optieal track at a
distance of about 30 em [roum the dye cell, translating sideways 1F
necesgary to bxdng the heifum-neon beam through the center of éhn mirror
aperture. Position the micrror in the mount wich its reflecting surface
facing the cavity and rotate the Allen wrench axis-adjustment seroews
to return the raeflection from the mlrrored surface {nto the helium-neon
laser.,

Attach tho'grntinu mount to Lhe Lteaek at a dlstance of shout
10 em behind the dye cell and clamp Lhe grating into {ts holder by
tightening the two nylon setscrews, makling sure prating blaze direction
1s correct. TIf necessary, tranglate the mount sideways to center the
helium-neon spot the grating., At Lhis polnt several relected d1ffraction
orders of the helilum-neon beam should be visible. Adjust the aximuth
and pitch micromerers to bring the prating Into Littrow with one of the
diffracted beamé ratﬁrutng to the helfum-neon laser. Next manipulate
the pitch micrometor to bring an adjacent dLf{racled beam into Littrow.
If this cannot be done by moving the pltch serew alone, the grating clamp
must be rotated about the laser axis Lo bring the grating rulings paral-
lel with the picch axis. This will be the case when Littrow configura-
tions can be selected for adjacent ovders by a s{nﬁla piteh adjustment,
assuring thatethe cavity will remain In alipnment as the wavelength
1z tuned.

Insert the etalon and its mount inte the eavity, between the dye

cell and output reflector, adjustlng Lhe sideways cravel LF neccsstr{S
4
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Adjust the azimuth and plteh nlevomeiers to bring the ctalon noxmal to
the luser axis, As thls is done, alL the auictple helium-neon return

beams will converge and return into the hetiuw-nem laser, Once this

' 3

alignment has been made, boek off one full tnen (50 small units) of

the azimuth micrometvr., This brinss the ctalon one free spectral

range away from the axis normal and prevents taslng between the eta.on
surfaces and the grating., It s supposted that an iris diaphragm be
insertéd into the cavity adjacent to Lhn.ctnlon to limit the cross-
sectional lasing area to the center gentimeter of the etalon plates.

At this stage the laser is alipned for a serfes of wavelengtha including
6328 R. With DIDC and DMSO the laser will lase at approximately 7263 R.
Tuning onte 7243 R iy discussed In Section VI,

oo Alignment of Pump Beam

The dye lasoer requirves a pumping bean from n plant-pulse ruby
laser. The pump pulse energy should be adjustable from 0.3 to 0.7 Joule
with a beam diameter of one centimeter. It is extremely desirable that
the ruby beam have a "elean" mode structure tu ensure even pumplng of the
dye. In this respect it may be adviszable to operate the ruby laser at
a higher pulse onergy region where the lasing is wore uniform, and then
attenuate che output beam to the proper level. Tn addition, ft is note-
worthy that the «dye laser output is polarized, aud that thisvpularization
is parallel to the arovves of Lhe Jilffraction pratine, Since ithe dye
laser cavity off tedeney is optimleed for a polarvlzation In the plane of
the table, tﬁe ruby laser polarization should be Tixed in this horizontal
plane  for tﬂis particular dye.

As indlcutud in Flguré 3, the ruby laser beam Ls directed into

the dye cell hy two 100Z veflectovs, 1n ponitioning thege mirvers, Lt



» 1S )
ORIGINAL PAGE 1
OF POOR QUALITY

is helpful to do a preliminary aligneent uilng a hellumeneon laser plncéd
collinpay with the ruby laser axils., .\ mors precise alipament can
then be made by uslng the ruby beam to burn esposoml Polaroid £1lm
placed at varioun pogitiona alonyg the path to the sdye gell.

The point at which the ruby bean enteirs the dye cell should
be adjusted to nearly colnelde with the polnt wher: the dye laser axis
enters the cell, ‘'fhig fs accomplished by usiung the helium-neon align-
ment laser as an indleation of the dye laser axis vhea a Polarold burn
pattern 1s taken at the dye cell window, a5 showm in Flgure 4, the
burn center should lie slightly (2-3mn) displaced {rom the holtum-neon
spot. The displacement 1 such that the purp beam crosses the dye laser
axis within the dye.

To prevent damage to the laser optics, two specifal considerations
should be made (n this aliéumout procoss,  Flrst, care should be taken
to center the ruby beam on the 0% reflectors sufficlently well to avoid
burning the anodizing of the mirror mounts, Sccond, whenever Polarodid
burns are used as a diagnostlic twol, the optics in the vicinity should
be blown with dry air to remove the dust and swoke particles which in-
evitably result, ‘This 1s especially ilmportant since any dirt particles
on the optical surfaces can act. as abusorbers for the laser llghE asiel may
thus cause damage to the optical enatings.

TIL.  DYE PARANETERY

The dye used for this applicatlon was selcéeted from the family
of cyanihe dye; which span the near infrared in their capacity as laser
dyes. Our selection is Kodak #7663, known as DTPC, short for 3-Ethyl-
2~[5;(3~ethyl—2~henzothtnzollnylidunu)-l,G—pontndlonyll benzothiazolium

. . o
Iodide, (I, W. 518.48) and Ls useful over a ranpe of 7150-7400 A. We

0
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have found dimethyl sulloxide (DMSO) to be the mout eifleient solvent
for this gpplicacion. Jn our particulnr rég!vn of interest, 7200-
7300 R, the efficiency curve of this dye Lu DMSQ 15 pearly [lat. We '
have found {1t useful to store this dye in a 10“3 M stock selution con-
siating of 260 mg of DTNC dissolved in 500 wl of NSO, An operating
strength solution 18 prepaved by mixing 75 ml of the stock solution
with 500 ml of DMSO,

There 1s a marled deterioratlion of the dve solutions when they
are exposed Lo fluorescent room lipghts for an extended peried of time,
To prevent this photodepradatlon the Jdye solutlons sheuld be stored In
o dark place in amber plass bottles., Inm addition, the dye lines should
ba shielded from room lipht,

The blologieal propoertles of DTHE are nol well studled but
in suffilclent dogage 1t may well be th{cl. The toxteity problem in
handling dye solutlons Is complicated by the use of DMSO ag a solvent,
since DMSO readily diffuses through the skin, carpying solute molecules
with it., It is therafore Important that any contuact with dye solutions
be avoided, and that gloves be worn as a wminimum precantion whenever

dye solutions are handled,

IV, DYE CIRCULATING SYSTIM

The dye circulating system maintailns a continuous flow of
solution through the dye cell by means of a circulating pump, reservoir,
and connecting tubing as shown In Figure 5. This constant recirculation

L]

of dye prevents the formation of temperature griadicars in the cell, en-

suring lasing of the dye.

1. Kues, H. A,, Lutty, ¢, A, Laser Pocus, 11 Yo, 5, 59 (May, 1973).



Given the chemically reactive nature of DMS0, the elreulating
system 18 constructed to place only substances {nert to DMS0 in contact
with the dye solutlon, ALl metal parts are construeted of stainless
steel, with seals made ol efther Yellon or ethylene=propylene, The
tubing used for dye lines is made of pelyothylene,

The pump 1% a Micro-Pump model 12-50-316~761 gear pump with
an tnduction motor, It Incorporates a 316 stainless ateel body and
shaft with Teflon gears. The dye reservolr, alio of stainless steel,
has a one~liter capacity and can be sealed alrtight to prevent the escape
of DMSO vapor. The dye lines are %” Eagtmunn Poly~Flo tubing, and
stainless dteel ficeings are used throughout.

V. CAVEIONS INVOLVED 1N OPERATION OF DYE LASER

The most singularly delicate component of the dye laser is
the cenelle pracing, in that it {s not only casily damaged by careleas
handling, but it is subject to burn damage from excessive lager cavity
energy. In this latter regavd we have found that the damage threshold
corresponds to a dye laser output cnerpy of approximately 30 millijoules.
When one considers that the shot-to=shot cenergy variation ean be as much
as 30% (and long-term drifts even preater), it appears advisable that
a Ysafe" upper limit for uuLpuL‘onvrgy be ret below 30 millijoules. We
have found that a value of 15'millijoules lias resulted in no damage over
several hours of operating time. The enerpy ean be ncaQured directly with
the Gen Tee joulemeler and an nscilldsu0pv.

In order to restrict the dye lascr pulﬁ; cnergy to safe limits,
the ruby pulse energy.should be held to less than 0.7 Joule, We have

found that the beams from vuby lasers often exhibit an vadestirable mode

structure at these low energles, amd in order to elean up the beam it 1ig

| ORIGINAL PAGE I8
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necessary to operate the ruby at higher envrgy uettings, This

problem g easily resolved by {usertlen of o 0.5 glass neutral density.
filter in the ruby beam, thus allowing operation of the ruby {n a
"elean' energy reglown while limiting the energy seen by the dye ccll:
Another approach is to use the full laser energy with a more diflute dye
solution, :

As noted in the seetions covering later alignment, the presence
of dust or dirt en the laser optics can roﬁult in burns on the optics
when the laser is being operated., Thercfore these optlies should be
blown with dry alr bofore cach operating sesslion and after making
any Polaroid burn patterns. As an additional precaution the optics
shiould be covered when not in use, |

A further precaution involving both praving safety and ocutput
beam quality involves the angular setting of the etalon., In the process
of wavelength tuning, care must be taken to avold positloning the etalon
normal to the dye laser axts, since lasing would then occur between the
etalon surfqaces and the grating., A good rule of thumb fs to maintain the
etalon at least one [rec spectral range (50 small units, or one turn of
the micrometer) away from normal. This still allows a useful working
region of three or four free gpectral canges.

In regard to the dye éirculnting system, a faw cauéions are
in order. As mentionced carlicr, the circulating pump must be running

-when the dye laser is bedng operated. It (s also advisahle to switch
on the pump a fow minutes before Inftlally ririnﬁ the laser, since
this will give the solution 4p the lines a chance to reach thermal

equilibrium with the dye in the reservoir, reduclng thermal gradients

in the dye which could give rise to laser fnstability.



VI. FINE ALIGNMENT AND WAVELENGTH~TUNING

In the process of optimizing inh the magnitude and mode
structure of the dye laser output, it is a uvseful exercise to observe
the output beam ay {ine adjustments are mude in the grating azimuth angle.
There are two convenient methods for making this adjustment. A Tough
alignment 1s facilitoted by measuring the outpul with a joulemeter as
the azimuth angle is stepped about its original setting, It is then
useful to photograph the lascr spot on a target., By photographing the
beam at several settings around the peak-enerpy point, the optimum
setting can be selected as the one which produces the narrowest spot.

The process of wavelength~tuning is accomplished by manipulation
of both the grating and the etalon. 7The dye molecules have a qhnracter-
istic lasing curve dbout 150 K wide. The grating presents the cavity
a pass band approximately lR wide, and the etalon 1n turn offers a
geries of pass bands of width 0.1 R and separated by about 1.2 ;. A
spectrum of the dye laser output wlll cherefore consist of one or more
ctalon lines which appear in a veglon determined by the grating piteh
ungla.'.

To tune the cavity to a specific wavelength, first adjuat the

prating piteh sueh that Lhe center of its pass band 1s located approxi-

Ad

AD
(4

the piteh controls is roughly 30 A per turn of the vough pitech adjust-

mately at the wavelength of interest. The angular dispersion for

=)
ment screw and 4,87 A/wm of the plteh micrometer., This done, adjust
tha etalon azmuth micrometer until one of the otalon pass bands is
located exactly on the desired wavelenpth, 7The free spectral range of

- o a
the etalon is 2,5 cm . (1.2 A); its anpular dispersion 45 3.3 A/mm

0 - AGE 15



on the azimuth micrometer, Finally, adjust the grating pltch control

to maximlze the lasing encergy In the ne%uvtcd etalon mode and simultaneously
elimlnate lasing in all other modes, This amounts to repositionlng the
grating pass curve so that its centval pealt exactly coincldes with tﬂe

wavelength of the selected etalon wmode., Thiy step is accomplished by

observing the intensity of the modes with a spectrograph, .

11



VI1. MULTIPASS ABSORPTION CELL

The use of an auxilliary cell to ealibrate concentration measure-
ments to be carvied out with tunable lidav systems was firat supgoested
to one of the authors in a private communication from M., L. Wright
of SRI 4in 1971. VWhen C. B. Northam of LaRC agaln sugpested it for
the water vapor experiment, we considered several possible versions
and finally adopted the one deseribed here-partly on the basis of
optics available from University of Maryland laboratories,

It is a long path cell (~ 300 M) cmploylng ~ 75 successive
reflections frowm Iarge spherical mirrors separated by about 4 meters.

The gas in the caell 45 room air*, and ks enclosed by a light-tight
wooden box which has been blackened inslde with fiat black and
"hlack velvet" puint.

In most of the work slnce carried out wlih the Maryland absorption
cell, the 300 M pathlength in room air has proved sufficlent (optical
depth ~ unity) for calibrating lidar operation on the H20 lines near
724.3 nm. These lines are among the strongest in that band system,
according to a separate Maryland study** with the NASA-Ames Rescarch
Center, while a few lines have roughly 1.5 times the strength 9§ A 724.371;
therefore a variety of lines can be used in that spectral region, depending

on humidity variations and pathlength adjustments. In any case, the

*Other designs involving shorter paths through denser 0 vapor were
glven lower priority because they Involved heated cells and the
attendant problems of temperature non-uniformity, Ho(} condensation and
the optical perturbation by strong alr currents.

#k
T, Wilkerson, private communication
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peinmary humldity standard in a psychrometer megsurement of water
vapor in the room air. On gsome occasions, humidity in the absorption

.

cell has been observed to remain constant for davs,

The use of such a cell is based on detection of both the input
and output beams, preferably under clrcumstances where the two signals
are comparable In magnitude and can be well resolved in time for
measurements of pulse amplitude or the Inteprated cnergy in a pulse.
We accompiinhed this by using two identica% Fast photomultipliers which,
together with thelr electronies, gpave response times ~ 3 ns. Because
of the 300 M pathlength through the vcell, there 4s a 1 psec delay
between the input and output signals - which themselves are only 25 ns
in duration. This enables one to usce gated pulse measurements to great
advantage, and to ascertain that no light is being detected from
scattering off the optics partway through the long path system.

The M Eubcs vere RCA-4832, whose GaAs photoceathodes glve reasonably
high quantum yields (7-10%) around 720 nm; response times of the tubes
are 1.5-2 ns. We used AC-coupled, non inverting buffer amplifiers to
coﬁple the PM outputs to coaxlal cablesz leading to the lidar data acquisition
system; this was done becnuse we anticipated the possibility of an electrically
voisy envirenment, under civcumstances where very long slgnal cables might
be needed. The cufrent gatn of ,the buffer amplifiers was about 10, and the
overall system bandwidth about 250 Mz, The detector systems were tested
at Maryland with.fast. yellow 1lght pulses [rom a dye laser pumpéd with

. *
the 6 ns output of a pulsed N? laser. In the LaRC lidar system, the data

* _ :
University of Maryland Coordinated laser Facflity

1



from the absorption cell M tuhes were collected in LeCroy gated A/D .
pulse integrators having 8'+ 1 bie digltal uhtputs. Gated detection
was very dmportant because of the nolse signals from cthe flash lamps of
the main ruby pump laser., In retrospect it was clear that the gond time
geparation of the two absorption cell glgnals would have permitted the
use of one rather than two PM detectors,

This section closea with a description of the optical avvingement
of the cell, Figure 6 shows a trial cunfigufntion of the main mirrors
facing one another in vertical triped mounts., These are 12.5" (31.75) em)
diameter Tinsley mirvors having foeal lengths of 2.5 M. They were reconted*
with gold, and overcoated with $10, to obtain 957 reiflectivity at 730 nmg
the signal loss at 44 reflections for example [s about a factor of ten.

The available space in Hldg. L1271 ab LaRC made it more convenient
to run this cell with a 4 meter mirror separation, than with the 5 meter
separation that one might expect from the focal length, Moreover, we found
in extensive tests at Mnr}land that a re-entrant or "perturbing mirvror"
system** could be used to obtain from the 4 meter conllguration of this cell
a sufficient number of passes for 300 meter total pathlength. This was
a conservative design based on a minimum size requirement for the insertion
ané perturbing mirrors, to allow for stze and position variations of the dye

laser beam spot.

*
Denton Vacuum, Cherxy Hill, N. J.

**D. R. Herrlott and N, J. Schulte, Appl. Optics 4, 885 (1965).
)
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Figure 7 illustrates the absorptlon cell vonfliguration as Einally
installed under the mailn laser table at LaRC. A fraction of the dye lasﬁr
output was brought down to the cell via a pellicle (sec Fig. 3) and tu{ning
wmirrors, ond fivst atitenuated (as veeded) by a cholee of ND filter at
the entrance to the box contalning the multipass mirver geometry. The
“"input" channel for the cell 1s provided by a4 plass plate which' plcks off
~ 47 of Lhe input, reflecting it into the detector PM{1l), and allows
most ©€ the light to continue into the long path system., The insertion
mirror position and angle determine an clliptical configuration of sapots
an each mirror where the beam hits. The perturbing mirror is placed at
one of these spots, sv as to return the beam to the mirror system at a
different angle relatlve Lo the optle axts., This gencrates yet another set
of beam spots on the mirrors, a set vhich is adjustable In locus and spacing
independently from the [irst set. ‘The extractlon mirror is placed at one of
these spots, and reflects the beam Lnto the detector 'M{2}. A choice of
ND filter in front of PHM{1) makes the Input and output signals for the cell
as nearly comparable as is neceessary to ensure that both PMs are operating
at the same signal level, and the LeCroy integrators are covering the game
pdrtion of the dynamic range of signal,

The small mirrors throughout the system arc standard 1/8 wave, aluminized
elliptical mirrors epoxied to 1" x 1" NRC adjustable mounts, In the final
configuration adopted for the absorption cell, 75 passes were used; these
were established by means of an alinumant laser and adjusting the system
for 37 beam_spots at_uach of_the larvge mlr;ovs. Th; 75th pass takes place

in the beam passage from the extraction mirror to PM(2).
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As well as belng used voutinely for 1ldar calibration, the cell has
been used for quantitative scans of il.)O line shapes near 724,3 nm,
N :
This work was reported by E. Browell at the Fighth Lidar Conference,

»
and has been described in numerous Internal NASA presentations.

[e——

*E. V. Browell, M. L. Brumfleld, J. M., Siviter, G. B, Northam, T. D. Wilkerson
and T. J, McIlrath, "Development and Fvaluation of a Wear-IR R,0 Vapor

DIAL System', Proc. Eiphth International Conference on Laser Radar,

Drevel Univ., Philadelphia, PA. June 6-9, 1977

16
ORIGINAL PAGE IS

OF POOR QUALITY



FIGURE 1 : DYe LASER CAVITY
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FIGURE 2 : BEAM PATH IN DYE CELL
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FIGURE 3 : DYE LASER SYSTEM ' '
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FIQURE 4 : ALIGNMENT BURN PATTERN
AT DYE CELL wiNDOW
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FIGURE S : DYE CIRCULATING SYSTEM
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Fig. 6 Test Setup for Absorption Cell uslng
—— 32 cm dia. Mirrors
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