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(1) Introduction i
Among those characteristios which delimit the usefulness of an

absorption spectrometer, three stand ole as being most significant: (1)
range of tuneability, (2) spectral resolution, and (3) brilliance. A
typical laboratory absorption spectrométer has a tuning range of several

thousand angstroms and a spectral resolution of 1 £, the light source

usually employed is a tungsten vteeel having a brilliance of at most
100 W/on@-sr over the visible portionjof the spectrum. Light from the
tungsten source is passed through s moochrometer and the brilliance of

the resulting sample probe beam, wich ne assume to have a speotral width
of 14, is thus about 30 m/om’-er. |

For a given light source, aniimprovement in spectral resolution

may be bought only at the expense of bpilliance, for as the spectrometer
slit is made narrower, less light gets|through. One is thus led to seek

a more brilliant source of nel The brightest conventional light
source known ie the aro lamp. Although|the emission spectrum of an arc

lamp is highly irregular, fractional afererentiat absorption techniques
make it possible to use such a source tor spectroscopy. Nevertheless, arc

lamps provide less than an order of magnitude improvement in brilliance.
For example, a PEK 110 aro lamp has a total brilliance in the visible of

only 250 W/om@-sr.

It is interesting to comparelthese brilliance figures with those

typical of lasers. As pointed out by reint, a 4 mW 6328 & heliumneon
laser with a beam of 1 mm radius and alar angular divergence has a

vrilliance of 10° W/cm®-sr. Horeover |the single-mode helium-neon laser
is monochromatic. Judged on the criteria of brilliance end resolution,

the heliumneon laser rates very well a potential spectrometer light

source. Unfortunately, its range of tulesbility is only .01 a
t

‘
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Tuneable parametric cook had many problems associated
with them, so it was not really until the discovery in 1966 of the

tuneable organic dye laser® that roadtand laser spectroscopy became
a practicality. Solutions of organic dyes have been shown to exhibit

gain over several hundred angstroms, of cmt to .01 for the heling-
neon mixture. In partioular, the dye 4Methyluabelliferone has # tuning
range of 1760 2.3 guxtimm At present, ‘organic dye lasers are pumped

either by flashlamps, or by other lasers. Continuous argon and pulsed

nitrogen lasers, for example, have vel deen successfully implemented as
dye laser pumps. Tuning of the dye see ie accomplished by replacing one
of the dye laser cavity mirrors with a rotateable diffraction grating. In

this way one can generate a widely ene highly brilliant epectroscopicProbe beam having © mpeotral width of 45 ZL and by using several different
dyes, the entire visible spectrum can ue saanned.

An improvement in the rerolepe power of the dye laser spectrometeris
the next logical step. In order to He abide to study the fine structure

in the absorption spectra of weakly spring compounds, chemists would
find a broadly tuneable laser spectromqter with a resolution of 10 mi to

be quite a useful tool. Such a high mpc cannot, however, be obtainedwith a diffraction grating alone. A Fabry-Perot interferometer must be

inserted into the dye laser cavity as how in Fig, 1(a). The interferometer
must, of course, be short enough so nde only one of its transmission
maxima falls within the dye's gain profile, which profile is determined

by the ‘characteristios of the grating. |therwiss, laser oscillations can

cecur at more than one wavelength and the purpose of high resolution is

defeated. ‘This prdesireable situation Ws depicted in Figure 1(b) where
the laser can oscillateat two smi If an interferometer has 6

{
i
i
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mirror separation of 5 mm, the wavetenth spacing between its transmission
peaks is 0.6 i at 6000 A. Such an interferoneter,then, would be adequate
for the fine-tuning of a dye laser. a type of tuning system described
here has been investigated by Soffer anti WoFarland} and by Bonch-Bruyevich

et al? .t
The inconvenience of the atovp tuning technique is that long range

continuous tuning requires adjustment si both the grating and the interfero-
meter. For a given setting of the diffraction grating, adjustment of the”

interferometér tunes the laser over a in 0.6 &. If, on the other hand,
the grating is rotated without adjustmeht of the interferometer, laser

oscillation occurs only at disorete steps in frequency; the tuning is not

continuous.

One solution to the tuning mopttom is to replace the Fabry-Perot
device with a scanning interfer-ometer which continuously scans back and

forth across the spectral wiéth of the piffrection grating. A® the grating
is rotated, the spectral window displayed on an oscilloscope connected to

the detector and the scanning circuit translates through the spectrum, This

scheme is sketched in Figure 2. i
Another approach to dye laser! tuning which dispenses altogether

with gratings, interferometers, and evel, cavity mirrors is the use of
distributed feedback. Whereas the*fgedbhok necessary for oscillation in

a conventional laser is provided by ony mirrors, the feedback in a
distributed feedback tax (DFB) laser is} ae the mame suggests, distributed

along the length of the active medium. qn one scheme®, the distributed

feedback is generated in a dye solution}by the interference pattern caused

by two pumping laser beams which are inoident on the dye from different
angles. By adjusting these angles it is|possible to tune the dye laser in

a continuous fashéén over a large vale the spectrum. Moreover, the
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spectral Width of the DFB dye laseri can be made as small as 10 mA.
FAll of these factors suggest that sna beverternoe-ene distributed
feedback (ITDFB) dye laser is ideally dustea for high ¥esolution
spectroscopy. i

At present, the only pumping= that has been used for an
ITDFB dye laser is the frequency-doublea, pulsed ruby laser. In this

report the possibility of using the mapa nitrogen laser as an alternative
pumping source is investigated. The obvious advantage of the nitrogen laser

is its low cost; whereas ruby rods are baimy expensive, nitrogen is

essentially free. A second advantage hee the nitrogen laser alreadyoperates in the ultraviolet portion of ‘the spectrum where dye pumping is

most efficient, so there is no need sesl frequency doubling hardware and its
associated problens. The disadvantage of the nitrogen laser is the lack

of spatial and spectral coherence in of output. As we shall see, it turns
out that this incoherence severely limits the usefulness of the pulsed

nitrogen laser as a pump for the ITDFB bye laser.
In the first section of this po we discuss DFB lasers andin particular, interference-tuned DFB lasers. The next section deals with

those factors which determine the roa width of the ITDFB laser, and
the feasibility of using the nitrogen ee as a pugp is evaluated. Semmadgy
‘testese=Sy Experimental work with a nitrogen laser is presented in

the fourth section. Finally, in cacti (5), an explanation for the lask
of coherence in the nitrogen laser output is given, and a suggestion for an

improved pumping system is put 7
|
|
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(2) Desoription of the Interference-Tuhed Distributed-Feedback Dye Laser

{

| 2s The Distributed Feedback Dye Jasse :
op SUTered Canid bon in Cul or Indes Of pefeastiog; ! If a spatially ‘feriodic varidtion in gain or index of refraction

is induced along the length of a ma cell containing a gain medium such ~ *as an organic dye solution, it ie found that, when pumped by an appropraate

source, the dye oscillates in very narfow frequency bands and that these
‘bands are much narrower than those ould in the emissions of a dye laser
which is allowed to superadiate. The bertoais structure induced in the
aye thus provides frequency-selective feedback so that cavity mirrors,
the sourcelb of feedback in conventional lasers, are entirely dispensed

with, A laser in which feedback is pe in this fashion is calleda distributed feedback (DFB) laser.

Im an experiment carried out‘by H. Kogelnik and ¢.V. Shank of
Bell Laboratories? the index of refraltion of @ gelatin solution of
the dye rhodamine 66 was permanantly sfotianty modulated by a holographic
exposure technique so that the spetian [prtog of the modulation was

0.3 jm. When the resultant DFB structure was transversely pumped with

an ultraviolet nitrogen laser at acbumy density of about 10® watts/on?,
the aye laser oscillated near 6300 £ vith a spectral linewidth of lese
then 0.54, this being the resolution linit of their spectrometer. This
linewidth is to be compared with the 4 Z iinewiath, centered at '5900 A,
characteristic of a superadiant rhodamine 6¢ laser without DFB mder

‘the same pumping conditions. Clearly the distributed feedback had a
strong frequency-selective effect. | .

The wavelengths Xj of the sdaestnainat reésohances of the
DFB structure may be obtained from the [Bragg condition’ in reference to

Fig. 3, |

's= NC), a eee (2261)
i
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_Where n is fhe average index of moh of the DFB medium and s is
the spatiel period of the DFB structurg, The Bragg condition merely

states that the spatial DPBprt be an integral miltiple of “x. ~ =the resonantravétengti os measured inithe dye Ode). If s is sufficiently
small, then a )j§ corresponding to “= one value of H will fall within‘the ‘dye's overall gain profile, so that only one longitudinal mode can

lase, sofa; Kogelnik and Shank did fina evidence of higher order
transverse modes in their DFB riedium resulting from the waveguide effect

of periodic reflections at the cowie For a 14 jm gelatin
thinkness, the spacing of these transvqrse modes vas about 5 i. These

higher order modes appeared, however, fs when, the dye was pumpedconsiderably beyond its threshold. Just above threshold, the DFB dye

laser output is a clean eingle line. I. / -

2e The Interference-Tuning Method |
In the experiment described qbove, the spatial modulation

induced in the dye was permanant aria { dye laser was non~tuneable.
Tf , however, the mpatial period # was jsonehow made variable, tunéability
could be achieved. A method which allows for adjustment of s,and hence

of the resonant wavelength Yj is setolsoreee tuning.
Fig. 4 shows a thin dye layer being pumped by two ultraviolet

plane wave_s of the same frequency (). |These plane waves différ in

amplitude, phase, and in their angle off incidence upon the dye. The

electric fields of thé waves are polarized in the z-direction which is

out of the plane of paper in Fig 4. THe combined. electric field of the

.
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‘Woe plane waves inside the dye is |

Eat) = A; eos & + kh. eos om (2.2.1)
where A, is the amplitude of the i-th ofa wave and

{

an ROR t j= Rew -w 4 #, (2.2.2)
q

where a4 is the k-vector of the i-th wate in the dye ( hence the prime),

and $j is the phase. |
The intensity of the slectronimnetic field is given by

|

. BEE) = =| | (2.2.3)
{

. é. 2 / 2 '
=LAT cosfl + AL oS Q,if 1

Ades(Gf) + eos(GP) &.
If this intensity is averaged over time ‘the result is,

> 4 cs —Wk) = rlA +A, | 2AAz cos (ap) |, (2.2.4)
1.where |u 4 . >

. - 2B=R-B 4 (ROR)A + ad
ands | (2.2.5)

Along the dye cell where y= 0 we "|
‘

1
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a‘ D- ob = CRix = Rex) % Lag. e+ em == (2.26)
-

1

i

According to Snell's Law, i o,
. ’ . 1

MSW, = SWE . (2.2.7)
i}

I

where the Gand ©, are the angles of inoj dence of the plane waves inside
and outside the dye. Since k’ = nk, we find that,

{, ne: , .

- k, = R’sme, =| ksme, = Ky (2.2.8)
; Ra = — Ri :> a = —R&SWOE, F Rex.
Thus, the intensity of the electromagnetic field along y = 0 is, from

1QAM),
|

= | \* = .ud = [A+ AL + 2A A, cox (aB,(—d) | 0|

24 Qa k(sma esme)x rag. (22.10)
!/
j

Clearly there is a periodic vafiation on the intensity of the
pumping field a@ong the dye medium. sinol there is a monotonic relationship
between the pump intensity and the gain $f the dye, the interfering plane

waves cause a spatial modulation of the dye's gain. The spatial period
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of the modulation is found from |

. o8.(99 = apd + 20 (2.2.18)
which tells us that |

2.2612g = <i “ ( )¢ Sel* Se.)

where teis the pump frequency, \
ep = Qn =|Q07 =, (2.2.13)

R w

Combining the expression (22.12) for » with (21,1) we obtain the

fundamental equation for the wavelengthjof the ITDFB laser,

|

ra = Aan re . (2.2.14)
(Se, + Se.) ,

H

‘mus, the dye laser wavelength may be tined by adjusting the angle of

indidence of either plane wave. This sn] e method of interference tuning.
For the special case of: @ “e Ge we have

}

*The notation sin(x) = S, and cos(x) = | will be used frequently.
t

1

t
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N= (mesce) : (2.2.15)

If, in addition, 4, = Ap = A, (2.2.9) ftakes on the simple form

| .
adn « <& cost (Crsme)x + “t. (2.2.16): 2am ! 2

1

2.3 The Results of Shank, Bjorkholm wt Kogelnik.
In the early part of 1971 | interference-tuned distributed—

feedback aye leaner was implemented by an Sheuk, J.E. Bjorkholm, and H.
Kogelnik.© The dye used was a 3x1073 M solution of rhodamine 60 in

ethanol. The pumping scheme is shown af Pig. 5, taken directly from
their memorandum. The 3470 { secoad nhrnonic of 2 pulsed ruby laser,
after being passed through a cylindricht lens, was split into two nearly
equal parts by a beamsplitter. These hyo ‘beams were then made to cross
inside » dye cell by deflection from ahsustanre plane mirrors. The angles
of incidence of the two beans upon tnelaye cell were kept roughly equal.
With the ruby pumping power just abovelthe dye laser threshold of 13 ki,
the ITDFB dye laser had a spectral sinftdth of less than 10 mk end was
tumeable over a range of 640 i, the cekter of the range lying at 5900 2.

The angular tuning rate was 80 T/acgrab with the incidence angle @ centering
at ‘about 50°, |

t

1

1

i
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(3) determinants of the Spédtral Width bf at Thterference-Tuned Dye Laser

‘ Th the préceeding “esviesn oe the interference tuning methodwe fount that the time-avetaged intensity along the x-axis of the tno

interfering plane waves shown in Fig, drs

ue= S {RoR aA cr Noma fon * ost (2.299)'

The spatial period of the gain noduatipa induced by this intensity
variation in a dye medium’ lying along the x-axis was found to be,

so » . (2.2.12)
swe, + SWE,

For the idealized oase of two plane wavbs, the spatial period s is

exactly defined; so is the wavelength of the aye laser since,

da = ams. | (2.161)

z

H |

In a practical interference-tuhed laser the plane waves are Sand

replaced with laser beams. It seems ~o to expect that the deviationsof a laser beam from a true plane wave may create a spread in the spatial
imodulation

period s. Such & spread would! manifest itself as a spectral

broadening in the dye laser radiation, Since we are interested in obtaining

@ very narrow dye laser emission line fof apectrascopic purposes, it is of

great interest to laiow how the characterjetics of the pumping laser beans

influence the spectral width of the dye Jaser.

Those factors differentiating 4 practical pumping beam from a
plane wave which seem to be most signifi¢ant in producing a spread in s

are (1) spatial divergence, (2) aan variation, (3) spatial incoherence,
and (4) spectral spread. 4 piene wave, " course, being infinite in extent,
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has no spatial divergence, its sovtetale is the same everywhere, gnd its
k-veotor is perfectly well-defined bot} in direction and magnitude ( mono-

chromatic). A plane wave thus hes none r the abovementioned "problems."
1. Spatial Divergence L

The dye cell employed in an ; PB dye laser mst have some

finite length . If the pumping beams mare a spatial divergence, the
angles @, and 0, of Fig. 4 will vary along the length of the cell, and

. i

thie variation will result in « spectral broadening of the dye laser line.
|

Let us assume, for example, that the pumping beams originate
i

from point sources symetrically son with respect to the dye cellas shown in Fig. Ga where the length of| the dye cell ie 22. The

fractional variation in s over the rength of the cell may be calculated
: i

as follows. From (Za) we havere
| 1

s= 2

5 } (3.1.2)
|where
1 |S® = smlec@]+ six[e.)] (3.2.2)

| secon!and a(x) and a(x) are the angles shown jn Fig. ‘6b. The fractional variation
| t :in s is, ' i

B82 26 2 Sred— Sot (3.1.3)Ss } . ‘4
| 5

Since f(x) has the form shown in Pig. Gé, we may write, |
1

!
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a. SO)- S(O.
Ss EEE (3.1.4)
is
|
1

From the geometry of Fig. 5b it is apparent that
{

te = ae F__. aliiKe=* (3.2.5)
zHet + YS | ous) Yer

where (xo,Jo) and (-xo,y,) are the cooxdinates of the point pumping

sources and x is|position along the ala. By appropriate power series
expansions in vedo it is assumed only {that Q is emall compared to both
Xo and yo it canbe shown that |

H

2 aM9-SO . Lih- ae] onegS Ne Ly °
| 1

—- we eee aa ib ae ——

' % Pg the fractional apread in « nas la naxinum value of 1:— io: ooreeeRe eer,s as °

os = &.. H (3.1.7) moa .Ss née
'

If, on the other had, the point sources lie close to the x-axis, the

fractional spread] takes on ite minimum value,

| |2

as 1, Lo, ia (3.1.8)

8 a Aa |

If point sources were seta used for pumping an ITDKB laser,
1Stypical dimensions might be = 1 om woh roe lmec e104, Ata

wavelength of 6000 f, a spectral width ; 0.6 4 is implied.
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Laser beams lie somewhere in ithe domain between plane waves and
point sources. If a laser source of beam divergence % radians were placed

at (xos¥) as shown in Pig. VY, the ofteptive gx. equivalent point sourcewould lie much farther away than the lasér itself. The effective r, in (3.1.9)

(=H would be, | il
Hl 1

fo % Ri (288) | Gas)TNA H

and the. fractional spread in the dye asher line would be, [dt most,

2 ~ otedel 4s = ga ao Se | (3.1.10)
ASS 1 aE T- coe
'f

It

Here we have the fractional spectral width as a function of pump beam
divergence . If We are building a speofrometer, this equation tells us the
maximum diyergenge tolerable for a giveh resolution. The achievenent of

.

‘a 10m [Pena at 6000 & requires ' pump beam divergence of less*
heb .e a - =6

ax BOL% = Reso) = (|:4) x \L9xs0
x 2 anod. ‘ (3-1611)!

t

where we assune that Gisoh I.

The divergence specification! of A..mrad is not too difficult
to meet with a gaussian beam from, say, lan argon laser. The far field

i ate.

divergence of a gaussian beam is determined by,Pation of the wavelength
to the radius of the beam waist, Wo: }

|

x= a» | (3.1.12)TW Wy

By trensforming an argon beam with seal, a Waist radius of 1 om gong
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be ~t in which case we would have,1

-8 H

a= F80x/0 LI! lols’ wed
Bay ea i ’

a value well seaye the 2 mrad limit. |
Onan ad mrad divergence from ‘a superadiant miteagux lasersuch

as the nitrogen laser is somewhat re difficult, though not impossible.As sohematised in Fig 8% the angular divergence of the superadiant bean

of a nitrogen laser with a plane mirrorlat one end is roughly,

a= sa | (3.1.23)
Typically, Q= 1 t w= lomso Xe mrad.

Sinoe the superadiant nitrgen poser output is spadially incoherent,
it cannot be collimated into a low divergence bean as is possible with

@ gaussian bean i the radiation from afotnt source. This fact is
illustrated in mig. be. ‘There, the lens [osoceeds im collimating the rays
A,B and C, but raye D and E, which were jparallel inside the laser, have

a divergence ws] collimation which is be the same order as the divergence
of the original beam. :

Nevertheless, a longer nitrogen laser with a smaller cross section

and just enough gain to superadiaté oma conceivably meet the mrad
criterion. However, there are much more ‘ringent conditions on the

. pumping beam and these are discussed in C next seotions. ,
;

|
1

{
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2. Amplitude Variation |
For simplicity, let us assume that the pumping beams used to

pump the ITDFB adeor are sprerimely tess The amplitude of theelectric field at any point in a gaussian beam is, by definition, a

gaussian function of the distance of tat point from the beam aris. As

a further simplification, let us spprodimate the gaussian function by
|the single lobe of a cosine function of appropriate spatial period XQ

This approximation is whowh in Fig. 9b.* .
1

We may fates ‘this approximted amplitude vanjetbenRinto our

previous equations by replacing A, and !Ap of Equation! Gan) with\ ' too

A, = A(t) = 0,008 (Ra 2)
- > RY (36201)?Ar= Ac®) = a, 008 Oa

\ ‘

where the Ro; pointiin the direction of{the amplitude variation of
i *the i-th beam. rabag the x-axis where the aye cell lis we have,

Roz |ah = (Rk cose) RK, (3.2.20
'>

Rai = (Ro cose) x!
| |

fet” ‘The electric field given by substituting these new A; into

“ (22.9 {bey be equaled and time-averaged As before;, however, it is more
\ convenient to om the intensity oovatiol @29 Wirectiy, substituting

for the Ay. The resulting time averagedyintencity of the interfering
1

beams is given by, after expanding all the cosine products,
i

\
{

1
.
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| |
us | de eot(hiGe)| + a cot (RCo)
FEAR F cos (aferleelCaC)x)

: + cos (abe ke(Co- Ce) x)
H| * cos (ab, — Re(Co+Co) x)

4 cos @f = ky (G,-Cex) f | (3.2.3)
where, from (2.2.10), {

= k(SetS | * (3.2.4)aR, * Seu) o¢.
!

The result shows that there are four sifmifioant* spatial modulation
components in the dye all having the she amplitude. The four spatial .
periods are given by permting the sienb in the following expression,

Ss 24 ¢ )a 7 . 3.2.5

, R(SqtSe) + Re (Ce,£Ce.)

The fractional separation of the two ola separated periods is
‘

:

as =(SAS) «i g Be (Ato) 9.2.6
s s | R \ Se, + Se

*The spatial frequencies (wave numbers) of the first two terms are too
low to matter; the dye could never lase] at a wavelength the order of k,.

{

1
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Taking both angles to be 45°, we arrivh at an expression for the spectral
broadening of an ITDFB laser due to anhituae variations in the pumping
beans: i

i

Aa. as = Gi tt.
n= Ss | sae

4c.
‘ f

In order to achieve a spectral width aw tomK st 6000 R we need @ value
of )wp greater than ed ‘

rw = CZ) 2 2(and%Di0¢ = 6Oom.

With the use of cylindrical lenses, / variation in the pumping beans
across the dye cell may be made to lool mich like the rectangular variation
shown in Fig. 9b. The effeotive Nv of the cosine which approximates this
vamiationover the cell may easily be made greater than 60 om, so we conclude

that amplitude variations of this nates though important, are not
critical. The criterigydisouassed in the next section, it turne out, is

much fore critical for the nitrogen ader pump. °

H

i

.
[
|
:

i

i
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|
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|
2s Spatial Incoherence H

Spatial incoherence tnd any situation in which there is alack of phase correlation between the fields at two points in space. One

type of spatial incoherence which hae | serious broadening effeot on the

spectral width of the ITDFB laser is of might be called k-vector spread.
The problem of K-vector spread in a pump beam is related to the problem of

divergence described above, but it is not the sane ‘thing,as will be shown,
At any point in a plane wave, the-K-vector is perfectly defined.

The same #s true in a gaussian beam, te at each point in the beamis
exactly normal to the curved phasé frodt and the K-vector spread is zero

at that point. For clarification of a point, compare the Evector
spread of an incoherent source with that of a gaussian bean of identical
geometry as shown in Fig-iO.. With thelincoherent source, there is a k-vector

= aRRGSAAof win-l(9/0) radians, snares te coherent source

has! sane soeante|
,

©

*i
:

|.
1

|

i

| |

; 1 Vy
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‘The effect of a k-vector spread on the ITDFB laser can be estimated

with the aid of Fig, 11. Each of the original beams shown in Fig. 4 is

replaced with two beams of the same phase, but half the amplitude of the

original beam, The k vectors of the new, beams are displaced by a’ small

amount JR from the k vectors of Fig. 4.{ As AR—>0, the situation depicted

in Pig. 4 and described in Section 2.2 is approached exactly. As before, all
;

electric field vectors point along the p-axis, out of the plane of paper.

‘Te combined electric field of the four beams shown’ in Fig, T(ay ie

r > > } ‘ es --+ -

E,(it) = A. cos(6) + MR) + Acos(0,- de?)
| (3.3.2)

2 =

. 4 Az eos (Br RR) + Aucosl t= ARR),z zm :
where 1

|

fe = RR -wt ' gi. (3.3.2)
Algebraic manipulation yields |

2 ~

Ea) = -cos (a8 2)) A,cob 8, + A, cosh.) (343.3)

‘The resultant time averaged field+ ‘becomes,
i

{
{
i

'
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”
r . | (3.344)

WR) = fe AA)“IA) + AA, X
| . { Cos(OR) + + cos(apr) + + clap at} |, |

where | *
R= Re = RR) A + ag. (3.365)

|

The intensity shows three significant lterms. From Pig. a it is evident that,

| _ Ry = wsinel
1

. Rex = Rsfos (3.3.6)
@R),= (@R) ses Qa.

Thus, evalutated along the x-aris, thd three significant terms are

iue) = ee cascg, +4 cor(ehraek,x) + cos( spr2ax)| .’ t

(3.3.7)

Tpe separation in the spatial periods r the two spatial sidebands is
AS & Bar(al.Ae (3.3.8)

. R* (SejrSe.”

and the total fraétional spread in s toons,



1

aS . Mh ak | . (3.3.9): S RX Se + Ser

{
1

} If we take both angles to be 45°, the estimate for the spectral witth of
de a nee

the ITDFB laser line due to k-vector gpread i8

A _ 4s aan! SUK = XSS =! (3.3.90).aRi
1

where X is the angle of the inyweber, spresd shown in Fig. 8 (((8).
=>," |Using the criterion ef \40wk 6 BOG A, the required value for

-- i

is about 10-6 radians. For é"pure igaussiat beam, as noted above, the

k-vector spregd is zero radians oft is no problem. For a superadiant
nitrogen laser of the type stiown in Fig, 8 and redrawn in Fig. 12, 10-6

radians of k-vector spread is an extreoety stringent specification. As
shown in Fig. 1, the k-vector spread be the nitrogen laser is

as MM | (3.3.21)

|
,
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where Wis the channel width and D is | ¢ distance from the laser to the
point of interest. Since a channel mi of at least 1 om is necessary to
generate sufficient pumpiig power’ in ab nitrogen laser, the value of D needed
to meet the 10-6 radian requirdnent is be impractical. 10 km, Alternatively,
casing a reasonable value for -D of 3 m, fe find that © is 3 mrad and the
spectral broadening of the dye line at ooo Ris 18 4, one third the total
gain width of rhodamine 60,

3:4 Spectral Width
The spectral width of the ontput of g continuous single mode

laser is zero. In a cavity laser of thei type that might be used to pup an

ITDFB laser, several longitudinal nodee! oscillate at once so the laser emission
consists of discrete frequencies seperebed by the well-known spacing 0/22 .
A one méter argon ion laser, for exanpib, has a bandwidth of about 3 giz and
@ longitudinal mode spacing of 150 ns, | thas, there can be up to 20 or so lines
in the argon laser spectrum evenly spreba over the 3 gls bandwidth. The
spacing between the farthest separated fron lines is thus
arp(nd) = ¥ 20QHOACRA

. z=Ex 3 { (Hee)- - ~ asmA | , Gan

The puleed nitrogen Taser c thas several discrete componentsin its emission spectrum, “but for a.wery different reason. The superadiant

nitrogen laser oscillates of several walane rotational lines of the nitrogen
molecule, which lines span a range of Aen 0.6 &

If o multiline laser is used. as an ITDFB laser pump, we want to
know the effect of these multiple 1ines|on the overall spectral width of

the ITDPB laser, For a simple_ let us assume that the pumping
i



a

laser: has. only two lines of equal amplifude. The situgtion is adequately
illustrated in Fig. 4 except that now each. "beam" is made up of two plane

waves separated in frequency by QAW here

aad = Bare = are} %»~ rp re One (3.4.2)

The total electric field of ‘the four interfering-plane waves is, as usual,

in the z.direction, and Has‘a sonal given. by
—_—_—-— ee - “TT —+ _

-- Elie) = $A, ses MP (wo rad)t|+ 5A, ws]8, (w - awyt{ ,
| (3.4.3,+ SAL cs [Tap (w + aw)t]

eAcori (w- awe]where
|i‘

— RE BR+K!. © Gada)
H

Algebraic manipulation yeidds |
i

_Ealat).= cos(awt)|Ayopsut) +A, eos (Yo|.
The intensity of the field is | G45),

a a ey) | z
—uli,s) = £ we Gou8)| AP AL + DAA, X(8) =F Gi ) yf Ae AA (3.446)
a $208(4, ¥,-2 st) cosh %)g I.

If the optical portion of the intensity is time avaraged, the result is,
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where ab is given by (3.3.5). ‘The I then, of a non=sero DW is
a temporal amplitude modulation at tebquanoy (2.00) of the spatial
intensity distribution we found earliér in (2.2.4). No spread in the

DFB spatial period is produced. s renkine fixed and is determined by

(2.2.12). |
The periodic spatial patter induced in the dye will rise and

fall as illustrated in Fig. 13. As tng average pump intensity periodically
falle below the dye lasing threshold, |the dye laser output falls to sero.

| Thus, the dye's radiation is ae modulated. The percentage of
modulation is greater than 100%, the feact amount depending on the

specific dye threshold. If we assume t the dye laser is " cut off" forhalf the time, then the duration of ajdye laser burst as shom in Fig. 13

is given by. |

| ogA= 2+ ET = — ey (3+4.8)
Zz Zaw | 2e are

where we made use of (3.4.2), and @ fe the modulation period of the dye
output ( see Fig. 13). In the case of tine nitrogen pump,

Ge guste | ~~ Bz prrosernds (36449)2(Bx10'%)(.6x10"

This duration, incidentally, is aongi to the optical period of
10715 seo and short compared to the nhtrogen pulse duration of 10-8 seo.

The frequency spread of *F pulse implied by t, is,
{
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Aw, ¥ 2h a / 320)
%

| Hence, the fractional spectral width | the ITDFB dye laser emidsion due
to a simple case of multiline Pumping! is

1

A= om = Yaw. .__ (364-12)

» oa | @a
Substituting from (3.4.2) aiid using the relation

—wy = 2nd,oe'd xe?
we obtain the result

1 7 ray?= =< (3.4.12)- -Od4 =. Q ar ( x) :

For the multimode argon a laser described earlier, a ahe and
the dye linewidth becomes,

e

-~ SN= 2hr%_ & SO mA—i

“k. _,.p7In the case of the attrogen[taser, things are mch worse. Since
xp we have, |

ay) = 3 Pr = SA. 3.4.13)
2

The numerical ‘factor in (3.4.13) ; from the ratio C3) £4 and from
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the assumption that & = 2. It cannot 4, reduced much ‘below 8. Thus,a

in order to achieve our desired 10 mk dye laser linewidth, the spectral

width of the. nitrogen laser mst be held to about 1.2 i.
: i

Even if the nitrogen laser jis restricted to oscillate on only

one of its rotational lines, it still fs a finite spectral width on account
of the 10 nsec pulse duration. That “|

Ads + =| lon gle.
Cuise,

and .s
- — Sdp(why = E adGta) [(kAY]

= + di) Gand
.

°

- S aH mAs. * (3.4.14)

‘Thus, from the point of view of singlediine operation, the nitrogen laser

clears the wire by a factor of om |



|5 Summary of the Spectral Broadening/Pactors

In Sections 3,1 through 3.4/the spectral broadening of the

ITDFB dye laser line was calculated for each of four pathological

characteristics of the pumping beams Used for tuning. The results of

these calculations may be summarized ds follows:
_

—- jo. | i —
Source of Broadening | (ya)

1 eat,1. spatial divergence sseefessseeeesee ASM X

2. amplitude variation....J.cssseeeees WOQAP/AvAR
3. spatial incoherence..+.peeerereeees CO SURXD

4. spectral Widtheseeecefeseeeeedee ro'{dre/de

where I

A, = angle of divergence
i

Q, = angle of k-vector fread|
Ame effective wavelength of amplitude variation

Ap © pump laser wavelength

Be = pump laser spectra} width
and the symbol "/»" is to be interprptea as meaning " is on the order of.”

i

1

:

.

.

po
“

a
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3.6 Evaluation of the Nitrogen Laser 2 Punpihg Source for Interference
‘Tuned _Dye Laser Spectroscopy | :

Inf Section (1) it was aessaha that a desirable resolutionfor an ITDPB laser spectrometer is 10 mA, since this represents an

improvement of at least an order of nefitaae over the resolution of
conventional spectrometers. At visible wavelengths, a 10 mi resolution

oan be achieved if the fractional spectrin spread 4\/A of the ITDFB aye
ager is lees than 2x1075,

A transverse pumped superadtant nitrogen laser of the type

commercially manufactured by Aveo, Carver and other companies has the

following characteristics: |dp = BSTIA

are #6{|% = 10% nod.

. % = 10°ned),

As pointed out in Section 3.2, as long as the cross-sectional area of

the nitrogen beam is larger than the dye cell be a considerable margin,

or if a cylindrical lens is used to “oe the beam in one direction so .that the widened’ beam has an even intensity over the dye cell, the problem

of" amplitude variation is not signitichnt. Typically, we may take

Daw = 0 “|‘Thus, caloulated values for the four broadening factors are,

1. spatial divergence Ss = UKIO‘

2. amplitude variation ayn = 6x0?
3. spatial inéoherence wn = txio?

4. spectral width Y= xIo!
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'

: Since we are seeking a fractional ef of lees than 2x10~®, even if the
calculations of Section (3) are off vy two orders of magnitude; it is clear

that the superadiant nitrogen laser odunot be expected to yield a 10 m
dye laser line in the ITDFB scheme bedause of its overwhelming failure to

meet the 1076 criterion on account of fenvector spread, the third broadening
factor. It will be recalled from Section 3.3 that the dye laser linewidth

is likely to be broadened out to roughly 18 A by the action of k-vector
spread alone, The spectral width tacts is also wide of the mark by several
orders of magnitude. The first two Photons, on the other hand, do not
appear to pose any problem,

‘ As a move toward sone k-vector spread and spectralwidth of’ the nitrogen laser, a reasongble approach is to try to reduce the

gain.of the nitrogen laser and to put/the laser tube into a resonant

cavity. In this way, a transition from the superadiant regime to the more

coherent cavity oscillator regime might be achieved.

|

t



47 |4) Experimental Nitrogen Laser Reseach

i

For purposes of snventiasting the possilility of using thenitrogen laser as a pump for an ITDFBidye lawer, a stpansverse-field .\ “y

pulsed nitrogen laser was al :1 ‘Bical Desoription of Nitrogen Laser

A sketch of the nitrogen lear tube employed is ehown in
|

Fig. 14. The two, electrodes, each sf in length, -were made from
1" 0.D. polished brass tubing and were positioned within a 2" I.D.| acrylic plastic tube so that the sepatation between the electrodes was

1p". Each electrode was supported by three 4" diametér brass studs which

| protruded through the acrylic tube ajd were cemented in place. Copper
sheets were then used to comnect the $lectrodes via the studs to the

Various discharge circuit components. |The ends of the sorplibttube xere
fitted with 2" diameter circular winddws cut from 4" thick Coxaing

No. 7740 pyrex glasa. These windows whre mounted perpendicularly to the| axis of the laser tube. Two gas connabttons were made in the side of
the tube near the ends to provide fora flow of nitrogen gas.‘the discharge circuit consisted of a 30KVDC power supply,

two capacitor banke, and an BO&G oral triggered spark gap. A schematic

Aiagram of the discharge circuit is she in Fig. 15. The inductances.
1 shown in the schematic diagran repr¢aent the distributed inductance
of the copper sheets which were used|in place of wires to connect the

| discharge cirouit elenénts. From tranttission line odloulations, the value
| of L was found to be about 30 nH. Thelinductance of the spark gap is

20 nH. The capacitor banks C, and Cy Were composed of Sprague 30 kV

| 2500 pF ceramic unite. The stat of. these special purpose capacitors,
i

|
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Figure (4 . the nitrogen laser. tube.
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not shown in the schematic, is on A order of 2-4 ni.
‘The spark gap wes ‘ehegereh vy an EG&G TR-153 triggertransformer driven by a variable frequency transistorised pulser. The

complete trigger circuit is shown whe 16. It was found that the
ipolarity of the voltage pulse triggering the gap was very critical. If

the leads: from the trigger transformer to the gap were connected incorrectly,
the gap simply did not’ fire at all. The correct polarity is show in Pig. 16,

2s Performance Characteristics
‘The 30 KVDC power supply eployed was capable of delivering

a maximum average power of 150 W. Sihce the energy required to charge
capacitor bank C, for each pulse was

a = 3.2

~ Wye CV = (2OMd Hox Y= 1B jee
the maximum repetitaon rated was ae to dout 8 pps.

As measured by a CDC Reto calorimeter, the energy contained
in edch laser pulse was 0.50 #5 mJ. The efficiency of the laser, based

on the 9 J stored in C, per pulse, “st 005%.The wavelength of the nitrogen. laser emission is known to
be 3371 4 with a spectral width of abput 0.6 i. This width, as was noted
previously, is due to the fact that phe excited nitrogen gas lases on

several rotational transitions at oases The duration of the laser pulse,as measured with an ITT Fi-114A biplahar photodiode connected to a
Techtronix Type 519 dscilloscope, was|found to be 10 nseg. The pulse

occurred some 80 nsec after the voltage across the nitrogen discharge

began to break dom. The, Jigcharge voltage and laser pulse ovcillograns
are shown in Fig 17j° Both traces have @ time base of 50nsec/cm and
were triggered by the voltage rise show in (a), A triple trace of

the laser pulse at 5 nsec/om is shown|in Fig Te)
Since the laser pulse lasttd 10 nsec and contained an energy

9f, 0.50 mJ, the average power output $f the laser during the pulse was

— i
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suo?fa “or = SON
x

Sinoe the yulse was approxingtely sinisoidal in shape, the peak power
achieved during the pulse was Hi

Pose= HE Poe * 78k:
The shape of the laser beat leaving the laser laser tube

vas rectangular, the dimerisions being 1g" x 2". The divergence of the
eam in the longer dimension was meashired to be 1B mrad.

The optimum size of souls bank Cp, which in our setup couldnity be changed in increments of 2.5 ia was found to be 5 nF. The optima
nitrogen pressure was 20 torr.

A theoretical upper limit af the power available from the
nitrogen laser at 20 torr can be calculated from the assuaption of 100%

inversion in the discharge channel, i
{ .

Bape Apdo
1

where n, is the gas density, V the wil of the channel, and 2 the pulse
duration. For the laser described abové we have ny = 4x10!7/om}, V = 75 om},

hY = 7x10719 J, andQ = 1078 sec. nine Pmax = 26[x109 W, Since the actual
power of the pulse waé 50 KW, the averdee percent inversion was .025%.

1

|
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|
i
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3. The Cavity Experiment |
In the conclusion of Section! (3) it was pointed out that in order

to obtain the desired 10 nk spectral width from a nitrogen pumped ITDFB

dye laser, the ohargteristics of the nitrogen beam batty be improved. The
purpose of the cavity experiment was te see if these “characteristics could
be imvpoved by reducing the gain of op nitrogen laser and by putting it
into a resonant cavity.

.

A choice of the type of sesoat cavity to be used was governed
by consideration of the volume of the Dptical mode that would fit in the

cavity. To obtain a sufficient amount) of power output for dye pumping,
|

@ large mode volume is needed, The diameter of the mode should be on the

order of 1 cm, since this length is spa of the dimensions of the
inverted region in tls gap.< c. 4 oan .

Our first inclination was tof ane a Hemispherical cavity with
&@ gaussian beam diameter of 1 om, It ijmediately became apparent, however,

that such a design was impractical vechee, at the utraviotel wavelength
of 3371 A, the calculated radius of o | veture for the curved nirrop-of.

the_hemispherical cawity-needed to ok tre 1 om beam dianiter was
simply toolarge. This can be demonetepet as follows. The diamter of a beamformed in a ckemiephenical Pesonant cavity of length z and mirror curvature
Ris fen

= Yaa)

aoa|The condition for cavity stability is simply that R be greater than z. For

| z= 1 th, the value of R needed to ovtein Delon is, .

|

| {
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Re TR 2 6x (lene. = 60 km...
\orz |

If the wavelength were 10 pm instead of 3371 4, R would come out to around

100 m which

ib within the realm of prabticality. Essentially, whet thecalculation for-R-teltins is that the! only way to,get o bean dianeter
of the order of 1 am &t UV wavelengths! is to use a plane-parallel cavity.

This ie what we ‘tried. |

A plane-parallel cavity was fore by a 100% reflector and oneof
three availble quarts beam spittere These bean eplitters, with low-

loss evaporated aluminum surfaces, hadi reflectivities at 3371 4 of 30%,

60%, and 95%. The gain of the ntroem tube was reduced so that the ouput
_ beam, a observed by fluorescence rox} @ moveable screen, only appeared ..

when the second mirrorof the plane-parallelcavity, the beam splitter, .
. was in place and was perfectly stewed, Several different ‘methods of

reducing the nitrogen gain were tried reductibn of the power supply

7

voltage; adjustment of the nitrogen pzessure away from its optimum value;

the addition of helium to the discharge tube. With all of thesé tethods,

and trying all three bean-splitters, {he euallest beam divergence that

could be obtained wad 5 mrad. If a colerent mode were forming in the
:

cavity, we would expect its divergencq to be on the order of

4o~ X = anf a .03 mrad.D ES 7

The failure of the cavity ‘prertaent to achieve a low divergencenitrogen
beam with its low— k-vector spread casts doubt upon the

t

a ee

i] 7
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feasibility of using a single-tube nitfogen laser as a pump for a high
resolution ITDFE dye -laser gpectronetep A possible explanation of the
large divergence obtained in presented! in the next section along with a
suggestion for improvement.

i} :
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(5) Gonelusion |
i

1. Interpretation of experimental results,

Im Section 4.3 we found thatjthe divergence of the ouput beam of 17

#50 om long hitrogen cavity “laser uas|many times larger than what would be

expected fron the diffraction of a cohbrent mode. It appears that the
laser is operating as a multipées, ope} ially incoherent sourcecrather than

apa coherent source. That is, by aa 2 second plane mirror and by_ ,

Peduoing the gain, the laser still behpves in’a superadiant manner but .

~ with » longereffective length and corresponding decreased divergence. te
‘The situation is itiustrated in Pig. 18. When the gain of the

nitrogen medium is reduced below a certain value, the amplification of the oe
noise generated at point P along the pth A-B-C in Fig. 18a, where only

one mirror is used, is insufficieat to produce a significant output power,

"However, when mirror 2 is added.ag soya in Fig. 1%b, © longer anplifidation
path appears along AUB~C-D‘and the ovbrall gain abong-this=path is

sufficient to produce an output of sevbral kilowatts from the spontaneous

noise generated at point |
To compare the intensitjes of the two beams depicted in Fig. 1%,

we may writes, |
|

{By = oo
Ta ee | ie

where L is the length of the cavity, a is the exponential gain in intensity,

and we have assumed that the eaiusif unsaturated. A rough estimate for
the value of Q cait be made from an etperinentan result of D.Ay Leonaral 7 1
He Yound that the small-signal ( unsathrated) gain of hic transverse-field

nitrogen laser, whtninxas; comparable t) ours, was 75 db/a. That ie,
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the extra pass makes a, very ceaniaan difference.
The obvious suggestion that ‘comes to mind is to reduce the gain

of the nitrogen medium.still further ; that only paths which have, say,
50 or more passes will have sufficient{gain to produce kilowatts of

output. Then the divergence of the coil beam would be improved over that
shown in Fig. Ifa by a factor of 25. jie our experiment failed to yield
such a large divergence reduction, we goncluda that the population inversion

of the nitrogen discharge did not last|long enough to allow for duke long

multipass amplification paths,

‘The best divergence obtained jwas 5 nirad. For a cavity of length

50 om and width 14 £3 om, the numberlof passes implied by thdSdivergence

figure is

:

ase Ww « 3 | = 12,

Lae a)to’)
The time required for light to make this number of passes through the

cavity is
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conclusion,then; is that the repay inversion in the laser tubeonly lasts for roughly 20 nsec, This figuré is reasonable on two accounts,

First, 20 nseo is the time scale for “ve voltage breakdown and current
+ —' pulae as evidenced by the ogcillograns of Fig. 1]. Secondly,

the lifetine |of the upper state of the 3371 4 sft is 40 nsec, Once a 'nitrogen molecule is pumped to the uppér state, it must be "used" before

its Lifetime expires. | |
_ee 7 ~

2e Improving Spatial Coherence Le cats
~ '

Appargntly, according to our fponception of amplification inwe

terms of rays and passes, the divergence of the nitrogen laser beam cannot

de improved by decreasing the lengtir of tthe cavity. Althougha shorter
cavity allows for more passes, the gemmetric factor W/L is increased by

the same amount and the same overall divergence results. That is,
1
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Another, perhaps wore remson approach to the question ofnitrogen laser beam divergence is to ask: what is the divergence of the

dominant steady state mode of the osnify, and how long does it take for
thet mode to build up. The divergence f a steady state field configuration
in a plane-parallel cavity is limited only by diffraction and was shown in

Section 4.3 to be on the order of .03 rad. ‘The question of the time it
takes for a mode to grow and saturate fee medium was investigated by Fox
and Li.t° One gets the impression “I reading their paper that it takesroughly 200 single passes for a mode td build’ up in a well-aligned plane—

parallel cavity of reasonable dimeneios, as long as the Fresnell number is

greater than 5, Thus, it appears that peer to the conclusion of the
oversimplified ray analysis, there ie ah advantage to be gained by a
reduction in cavity length. If it is true that the inversion in the nitrogen

laser lests at least 20 nseo, and if ob neue is a oufficient time for
the modal buildup, a diffraction nesses beam should be obtainable from
@ cavity of length ost. vat- -h= St = Ga}Oio)= Sem.n 200

However, the power output of such a onckt nitrogen laser would be much too
low to pump any dyes.” |
*At this point the reader may be wondering why the ruby pumping laser used
by Kogelnik and Shank ( see Section 2.3) had such a high spatial coherence
to be able to meet the criteria presented in Section 3. One reason is that

high power ruby lssere oan be fitted into very short cavities. Far noreimportant, however, is the fact that the lifetime of the upper state of

the lasing transition in ruby is several milliseconds. Once a chromium ion
is excited, it is willing to wait millibns of nanoseconds before it adds

its quantum of energy to the cavity modp. Secondly, ruby lasere are pumped
by flashlamps. The duration of a flashlpmp pulse is several thousand nano-
seconds, much longer than the 20 nseo phmping period in the nitrogen discharge.

The modes in a ruby cavity laser, meee plenty of time to build up.
{
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5.3 Proposal for aw csotntetop-tapritile Nitrogen Pump

We found that, with a 3 om fete a nitrogen laser should be
capable of producing a spatially coherent beam. In order to obtain both

‘the power and the spatial coherence nafaea for ITDFB dye laser pumping,
a short 3 om nitrogen laser could be ued as an oscillator to drive another

nitrogen tube employed as an amplifier} Such a configuration is show in

Pig. 19. As long as the smplifier i $Hort eiough so that it does not

| superadiats on a single pasa, the schepe ought to work with both discharge

tubés triggered at the same time. If aire power is needed, one could use
a longer amplifier tubs if trigger defying were used. By delaying the
firing of the amplifier discharge, the {amplifying population inversion is

not turned on until the coherent mine pulse has had time to build up
and is ready to drive the amplifier. |

Unfortunately, we had time dettner to experimentally investigate
the divergence characteristics of short discharge lasers, nor to implement

‘a dual tube apparatus.
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0 laser oscillator |A laser amplifier
M1 full-reflecting plane mirror
M2 partially transmitting plane mirror
T triggering circuit
‘TDL trigger delay line
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Figure (|. me Ovskttaton-tnon Configuration.
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