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fl} Introduction

Among those characteristics which delimit {the usefulnesa of an

ahsorption spectrometer, three stand n‘t as being most significant: (1)
range of tuneability, (2) spectral r-nélutinn, and (3) brilliance. A
typical laboratory absorption spectrometer has a tuning range of several
thousand angstroms and a spectral rauolutian of 1 E; The light source
usually employed is a tungsten filam-nl having a brilliance of at most
100 Hjcmz-ar over the viesible purtion;uf the spectrum. Light from the
tungsten source is passed through s mnﬁnchrnmuter and the brilliance of
the resulting sample probe beam, ihinh;na ampume to have a speotral width
of 1 4, is thus about 30 mW/om2-er. 1

For a given light source, an;impruvement in spectral resoluticam
may be bought only at the expense of b%illianaa, for as the spectrometer
gelit is made narrower, less light gets{through. Cne is thus led to seek
a more brilliant source of illumination. The brightest conventional light
source known is the arc lamp. ﬂlthﬂughithe emission spectrum of an arc
lamp is highly irregular, fractional d?ffaruntial absorption techniques
make it posesible to use such a sourcs fﬂr spectroscopy. Nevertheless, arc
lampes provide less than an order of maénitudu 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 compareithese brilliance figures with those
typical of lasers. As pointed out by Ki-inl, a 4 mW 6328 £ helium-neon

laser with a beam of 1 mm radiue and 2{mr angular divergence has a

brilliance of 10° Hfhmz—ar. Moreover, |the single-mode helium-neon laser

is monochromatic. Judged on the criteria of brilliance and resolution,

the helium-neon laser rates very well as a potential spectrometer light

source. Unfortunately, its range of tuleability is only ,01 A.
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Tuneable parametric oacillatqra had many problems associated
with them, so it was not really until #hﬂ discovery in 1966 of the
tuneable organic dye laser? that bruadgand laser spectroscopy became
a practicality. Solutions of organic %ya: have been shown to exhibit
gain over several hundeed angstroms, a1ﬂunmparcd to .01 i for the heliug-
neon mixture. In particular, the dye 41 ethylumbelliferone has & ftuning
range df 1760 £.3 gawtiwx At present, ofganic dye lasers are pumped
either by flashlamps, or by other lasers. Continuous argon and pulsed
nitrogen lasers, for example, have both been successfully implemented as
dye laser pumps. Tuning of the dye laser is accomplished by replacimg one
of the dye laser cavity mirrors with a rotateable diffraction grating. In

this way one can generate a widely tundable, highly brilliant spectroscopic

probe beam having a Bpectral width of 15 i; And by using several different
dyes, the entire visible spectrum can Ye eaanned. |

An improvement in the resolving power of the dye laser spectrometer
is the next logical step. In order to he abde to study the fine siructure
in the absorption spectra of weakly ah#urhing compounds, chemists would
find a broadly tuneable laser spectromgier with a resolution of 10 nf to

be quite a useful tool. Such a high reJnlutinn cannot, however, be obtained

with a diffraction grating alone. A Fatry-?arot interferometer must be
inserted into the dye laser cavity ae shown in Fig, 1(a). The interferometer
must, of course, be short enough so that only one of its transmission
maxima falls within the dye's gain profile, which profile is determined

by the ‘characteristice of the gratiLg. Otherwise, laser oscillations can
occur at more than one wavelength and {h- purpose of high resolution is
defeated. This padesireable sitnatinngia depicted in Figure 1(b) where

the laser can oscillate at two frequenJiua. If an interferometer has a
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mirror separation of 5 mm, the wavelength spacing between its transmission
o i .

peaks ims 0,6 % at 6000 . Such an interferometer,then, would be adeguate

for the fine-tuning of a dye laser. Thlitypq of tunjng system described

} _

here has been investigated by Soffer anﬁ HcFarIand? and by Eonch=Bruyevich

f

The inconvenience of the ahov} tuning technique is that long range
H

ot al?

continuous tuning requires adjustment o% both the grating and the interfero-
meter. For a given setting of the diffraction grating, adjustment of the
interferometar tunes the laser over a mere 0.6 i, If, on the other hand,

the grating is rotated without adjuutmmLt of the interferometer, laser
oacillation occurs only at discrete steps in frequency; the tuning is not

continuoum.
1

One solution to the tuning probkem ies to replace the Fabry-FPerot

device with a scanning interfer-ometer which continuously scans back and
forth across the spectral width of the ?iffractinn grating. A% the grating
is rotated, the spectral window displayed on an oscilloscope connected to
the detector and the scanning circuit tianslates through the spectrum, This

scheme is sketched in Figure 2, i
Another apppoach to dye laser:tuning which diepenses altogether
with gratings, interferdmeters, and ava? cavity mirrors is the use of
distributed feedback. Whereas thaffgedbhck necessary for osecillation in
a conventional laser is provided by cavity mirrors, the feedback in a
distributed feedback ¥xx (DFB) laser is} as the name suggestm, distributed
along the length of the active medium. #n one snhsmeﬁ,-thﬁ distributed
feadback is generated in a dye solution{by the interference pattern caused
by two pumping leaser beams which are incident on the dye from different
angles. By adjusting these angles it is|poseible to tune the dye laser in

a continuous fashdin over a large range|of the spectrum. Moreover, the
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epectral width of the DFB dye laser emission can be made as smwall as 10 mA.

¥All of these factors suggest that the linterfersnce-tuned distributed
fesdback (ITDFB) dye laser is ideally %ﬁitad for high resolution

epectroscopy.

At present, the only pumping :source that has been used for an

B G SR

ITDFE dye laser is the freqnancg-douhldﬁ, pulsed ruby lasger. In this

report the possibility of using the pulfnd nitrogen laser as an alternative
pumping scurce ie investigated. The uhv&uun advantage of the nitrogen laser
ig its low cost; whereas ruby rods are | éirly expensive, nitrogen is
essentially free. 4 second advantage isl that the nitrogen laser already
operases in the ultravioclet portion of the spectrum where dye pumping ie
most efficient, so there iz no need fog frequency doubling hardware and ite
associated problems. The disadvantage o& the nitrogen laser is the lack

of spatial and spectral coherence in its 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 dye laser.

In the first section of thie Epurt we discuss DFB lasers and
in particular, interference—tuned DFE lapsers. The next section deales with
those factors which determine the Bpecig;l width of the ITDFE laser, and
the feasibility of using the nitrogen lksur ae a pugp ie evaluated. Tivaadys
e Reattew—{5y Experimental work with_L.nitrogan laser is presented in
the fourth sectién, Finally, in Section| (5), an explanation for the lask
of coherence in the nitrogen laser output ie given, and a suggestion for an

improved pumping system is put forward.
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(2) Desoription of the InterferancaﬁTuhed Distributed-Feedback

|
2,1 The Distributed Féedback Dyve Lamser

If a apafially'ﬁerindio varidtion in gain or index of refraction

is induced along the length of a nar:;i cell containing a gain medium such
as an organic dye solution, it is fo that, when pumped by an appropriate

source, the dye oscillates in very narrow fregquency bands and that these
i

bands are much narrower than those fauéd in the emigsions of a dye laser

which ie allowed to superadiate. The ﬁarindié gtructure induced in the
dye thue provides frlqunné;;selaﬂtiva ietdbaﬂk so that cavity mirrors,
the sourng*-of feedback in eonv-ntianat lasers, are entirely dispensed
with. A laser in which feedback ie provided in this fashion is called
a distributed feedback (DFB) laser.

In an experiment carried Uut}hy H. Kogelnik and C,V, Shank of
Bell Lahoratories! +the index of rnfraitian of a gelatin solution of
the dye rhodamine 6C was permanantly s4atia1}y modulated by a holographic

exposure technique so that the spatial [period of the modulation was

' ﬂ.}QPM. When the resultant DFB structﬂrg was transversely pumped with

6 watts/bme,

an ultraviolet nitrogen laser at &ibuué'&anuity of about 10
the dye lamer oscillated near éaﬂﬂ g with a spectral linewidth of lemas
than 0.5 i, thiz being the resolution fimit of Ehair spectrometer. This
linewidth is to be compared with the 54 I linewidth, centered at 5500 E,
characteristic of a superadiant rhndaminﬂ 6G laser without DFB under
4the same pumm?ng conditions. Clearly éhﬂ distributed feedback had a
strong froqu;nﬁy-seln¢tiv¢ effect, ] -

The wavelengths ,\d‘ of the 1:J[ngituﬁina1 resohances of the

DFB structure may be obtained from the iBragg condition in reference to

'S = N(_ ) ﬁ““ 2 3. :(9‘.1.1}4

Fig. 3,

T g e g



dye laysr

Figure 3. A standing wave, ﬁilfillmg the Bragg condition (1.1)
with Nel. n(x) represents the spatial variation
of the index of refraction of the dye layer having
epatial period u.i
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where n is the average index of refraction of the DFB medium and = is

the epatial period of the LFB a‘truﬂturT. The Bragg condition merely

half. .~
the resanantﬂnvélengtﬁhaa meagured inithe dye ()\f@). If 8 is sufficiently

states that the spatial DFB purind:Pm;j be an integral multiple of i -
small, then a N corresponding to only one value of N will fall within

the ‘dye's overall gain profile, so that only one longitudinal mode can
laﬂ-..fﬁﬁyﬁhiFy Kogelnik and Shank did %ind evidence of higher order
transverse modes in their IFB medium réanlting from the waveguide effeot

of periodic reflections at the gelatinjinterfaces. For a 14 Jim gelatin
thinlnees, the spacing of theee transverse modes was about 5 i. These
higher order modes appeared, however, gnly when the dye was pumped

considerably beyond its threshold. Jusf above threshold, the DFE dye
I

*

laser output _is & clean single line., |- - -

2., The Interference=Tuning Method
In the experiment described j’bw., the spatial modulation

induced in the dye was permanant and the dye laser was non-tuneable.

If , however, the spatial period s was ;smmehow made variable, tuneability
could be achieved. A method which allows for adjustment of s,and hence
of the resonant wavelsngth \}&j is interference tuning.

Fig. 4 shows a thin dye laqu being pumped by two ultraviolet
plane wave & of the same frequency (). {These plane waves diffeér in
amplitude, phase, and in their angle nrq incidence upon the dye. The
electric fields of the waves are polarézaﬁ in the gz-direction which is

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

g




\3




$wWe plane waves inside the dye is

EE(K'}{:‘) = ’ﬂ'q O—@S(g; + ,A\-L Cos @;1 (2.2.1)
whare Ai is the amplitude of the i-th pé wave
|
’ — ﬁ)’aﬁ —— {J__Jt } .
[3'.5. A A (2.2.2)

'i
where "ﬁ{ is the k-~vector of the i-th wave im the dye ( hence the prime),

and ﬁi is the phase,

The intensity of the iltctramégnatic field is given byl

. i > 1+
&Et) = ,_'_{%__} 2{1&;&)) (2.2.3)
L R PR

A cos(§ H) + s -] §

If this intensity is averaged over time !the result ims,

t
1

(%) = [A + A, *IZAJ—L ma(&ﬁ')}} (2.2.4)
{.
i
L R =plpl 2 (R-R)A + ag
&C}S = ‘;6,«"9{)1- (2:2.5)

Along the dye cell where y = 0 we have

where

ﬂ..'l't'd:t-

1




: ﬁ?;_; (R = Ro) % + 2 .

i

i

Agecording to Snell's Law, l

]
& / - l
N IWS; = Suwe, (2.2.7)
!
where the S;and @* are the angles of incjidence of the plane waves inside

and outside the dye. Since k' = nk, we find that,

/ [ + Fl i
Ry = Rswe, =! ksiwe, = Ry
(2.2.8)

! . |

lR‘bL = - IQ%W—-‘@Z I= Ra“ﬁ. .

Thus, the inten=ity of the 11e¢tromagntt1o field slong ¥ = 0 is, from
i

1

T (zaeaN),

wx) = %{A‘f + A, + 2AA, w%(&@x("}:‘))l (2.2.9)
|

where
AR = R(swe dswe,)x +ad.  (2.2.10
|

€learly there ie a periodic v:%iatiun ¢n the intenmity of the

pumping field adong the dye medium, Binc* 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

|
i
!
!
{
!

ﬁﬁ,‘(?:b = A[%:‘Q%} + 27 ' (2.2.1a)
l

whioh tells us that I

* .2.12
—— MNe (2.2.12)

p)
1 ( Eg"‘r‘ Eety*

where )sf is the pump frequency,

N = 2x; =|2w =, (2.2.13)
R w

Combining the expression (2:2.12) for s quth (2.(,! ) we obtain the

fundamental equation for the wavelength|of the ITDFE laser,

>\& = ahﬂ. XP . (2.2.14)

Thus, the dye laser wavelength may be tyned by adjusting the angle of

indidence of either plane wave. This islthu method of interference tuning.

For the special camse ofn~ ﬁ -3{'- & % we have

*The notation sin(x) = S; and cos(x) = ¢, will be used frequently.
¥

L]
)

. -



M= (mesc) Xe (2.2.15)

If, in addition, 4; = A; = A, (2.2.9) kakes om the mimple form

P | y
.LL@) €A cos [(kSmE):? + ?:] (2.2.16)
i

|

2.3 The Results of Shank, Bjorkholm lnh Kogelnik.

]
In the early part of 1971 n{ interference-tuned distributed-

feedback dye lamer was implemented by [.V. -Shamk, J.E. Bjorkholm, and H.
Kognlnilc.6 The dye used was a 3xlﬂ“3 M molution of rhodamine 60 in
ethanol, The pumping scheme is shown iL Fig. 5, taken directly from

their memorandum. The 3470 % second h+rnuniu of 5 pulsed ruby laser,
aéter being pasmsed through a cylindric?l lens, was mplit into two nearly
equal parts by a beam—splitter. These Lﬂb beama were then made to crose
inside g dye cell by deflection from afijustable plame mirrors. The angles
- of incidence of the two beams upom thejdye cell were kept roughly equal.
With the ruby pumping power just abuvnéthn dye laser threshold of 13 kW,
the ITDFB dye laser had a speciral linLHidth of less than 10 mi and was
tumeable over a range of 640 i, the ct&ter of the }ang- lying at 5900 i.
The amgular tuning rate was 80 i}ﬁugril with the incidence angle © centerimg

at ‘about 50°,

. ——
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¢ In the preceeding disetaeib

Determinants of the Speciral Widith bf an Interferesnce-Tuned Dye Lasmer

]

tf the interference tuning method

we found that the time-averaged intensily along the x-axis of the two

interfering plane waves shown in TFig.

was

(2.299)

wedy= :‘i {ﬁ: +A5 + 2AA, c.os[ h(:siy.& SO X + 4¢]J

L]
!

The spatial period of the gain'moaulafiLl induced by this intensity

variation in a dye medium I¥ying along the x-axis wam found to be,

Ap
SIS, + S

(2.2.12)

s

L ez

For the idealiged came of two plane waves, the spatial period s is

éﬁaﬂtly defined; =0 i= the wavelength of the dye laser since,

A AMS.

(2.1.1)

-

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

replaced with laser beams. It -;ah:*rta:[;ahlt to sxpect that the deviations

of a laser beam from a true plane wave create a spread in the spatial

i
modulation period ®. Such a spread wuuldi-anifnst iteelf as a spectiral

broadening in the dye laser radiation. Since we are interested in obtaining
& very narrow dye laser emission line fo spectrascopic purpeses, it is of
great interest to kiow how the characteristics of the pumping laser beams

influence the spectral width of the dye laser.

Those factors differentiating & practical pumping beam from a

—

plane wave Hﬁich seem to be most significant in producing a spread in =

are (1) spatial divergence, (2) amplitud4 variation, (3) spatial incoherence,

and (4) -spectral spread. plane wave, of course, being infinite in extent,

- —



]
i
H
|

has no spatial divergence, its mpliiw{n is the same everywhere, gnd its
k-vecbor is perfectly well-defined both in direction and magnitude ( mono-—

chromatic). A plane wave thus has none iof the abovementioned "problems."

1. Spatial Divergence ILD
The dye cell employed in an i FB dye laser must have some

finite length . If the pumping beams have a spatial divergence, the
angles O, and 6, of Fig. 4 will vary al:i:ng the length of the cell, and
this variation will resul% in a sptctm‘l broadening of the dye laser line.
Let us assume, for example, tllut the pumping beams originate
from point aourauhsymtriaally locat fui-l;h respect to the dye cell
as shown in Fig. 'ﬁ“t where the length :j‘thc dye cell is 21 , The
fractional 'u;aria.t?.ﬂu in s over the length of the cell may be caloulated
as follows. From E—}\d) wWe have l

|
S = ﬁr (3.1.1)

SCx

where I

S = son]o,O)1+ sw[e,00) ] (3.1.2)

¥
and 6(x) and EL(::) are the angles shown in Fig., Pb. The fractional variation
| i -

i:l!. - | iﬂ', I

E
O 2 o5 _ %'.'“4 — %“"';“*. (3.1.3)
S0 | 5 |

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

|
|




Ll

- = “-'Jl—-'-- -—Efquﬁ:{a-‘ T

| e A

o \,

() x=-1
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25 = S-S5

s (3.1.4)
| 5
i
From the geometry of Fig. 5b it is= npp?rnnt that
S(ﬁ) —_ . ’Kb'\"}c’ f}c—::p — K {3'1.5}

(Rt + \3@. I,j (re= ) ‘ja

where (x5,7,) and (-x0,y,) are the coordinates of the point pumping

sources and x is (position along the etél, By appropriate power zeries

expansions in which it is asaumed only ithat 9 is emall compared to both
X, and yo it cam be shown that }
2. S
S-S _ o 11— 2 2o (3.1.6)
| i
% RQ'L- i L‘\ J?o
. ) :h%____ﬁﬁ_ﬁ;_m..“* p.l.ng_jt ﬂh F-azis me th;pt - N
| . :l:113 gy the rrmfianl spread iz s has .a maxrimum wvalue of ! .
— . _ — i — R —
C ar - = e w2 =] = == = ~ = . -
. 1
os = L. | (3.1.7)
s NE .

|
If, on the other hadd, the point sources lie close to the x-axis, the
fraotional spread takes on its mimbwnm ynluu,

| 2 l

éi -_—_-|, - &_. Py ! (3.1.8)
s I A |

If point mources wers mmlll used for pumping an ITDFE laser,
3
typical dimensione might be 3_- 1 cm alJl o = 1 m so % & 1074, At a

=
wavelength of 6000 A, a spectral width of 0.6 E is implied.

t
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I
Laser ‘boa.mu lie somewhere in "l:ht domain between plane waves and

point sources. If a laser source of hnh divergence o, radians were placed
st (x5,¥,) a8 shown in Fig. ¥, the effective or equivalent point mource

would lie much farther away -than the lTir itself. The effective r, in (3-\-*?)

(== would be,

(3.1.9)

1
|
!
'
and the. fractional spread in the dye la‘ur lines would be, Tdt most,

A as = R T suwe (3.1.10)
NS e pr T T coe

[
| g
} :
I

I '
Here we have the fractional spectral Hiilth as a function of pump beam

divergence . If ‘ﬁ- are building a spco‘;];romter, thie equation tells us the

maximum diye:m:]a tolerable for a givql resolution. The achievement of

o . |
& 10 mA r‘rsad at 6000 £ Tequires r. pump beam divergence of lese

e ——— e —_—
- i

1 X &imtx = Yeos® ‘5)‘-} : (p,;w)kbf-f?x/(,"_é

than

1

(3.1.11)

' L
where we asgume that £3wsSh,

T ——— - T =

The divergence specification of J .mrad is not too difficult

to meet with a g&usalm beam from, ua;r,!a.n argon laser. The far field
tha,
divergence of a gaussian beam is d.atermin-d. by,.ratioh of the wavelength
to the radius of the beam waist, W, :
X = >\;__ (3.1.12)
I w,

e —

By trensforming an argon beam with lenses, a waist radius of 1 em .14
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easily be achievefl, in which case we would have,

-

LBOX 1O T

X = -
214 x A

I

i e e iy T —— ——

.0I5 w.n.ca.:lj

|
| -
a value well within the 2 mrad limit. i

Obtaining aﬁ, mrad divergence from a superadiant xitomgmx laser

such as the nitrogen laser is somewhat T:;ru difficult, though not impossible.
As schematized in Pig §3, the angular divergence of the superadiant beam

of a nitrogen laser with a plane mirror!at one end is roughly,

| |

X = AWV (3.1.13)

Typically, _Qu lmand w = 1 em 80 & = f] mrad.

Since the superadiant nitrgen'laser output is Bpl'x:l,nll:x incoherent,

it cannot be collimated into a low divergence beam as is poesible with

a gaussian beam or the radiation from aipoint source. This fact is

illustrated in Fig. :BE-. There, the lens {sunceaﬂs in collimating the rays

{
A,B and C, but s D and E, which were jparallel inside the laser, have

i
a divergence after collimation which is -:of the same order as the divergence
i

of the original beam. :
Nevertheless, a longer nitrug-!n lager with a emaller croses sectiom

and just enocugh ga:in to superadiate cuul;d conceivably meet the J mrad

criterion. Hunaﬂrl, there are much more stringent conditions on the

pumping beam and these are discussed in thes next sections.

' |

i
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2. Amplitude Variatiom
For si&plioit:.r, let u= assume that the pumping beams used to

pump the ITDFB laser are appro:im‘t'nhr‘gtumn‘ia.n. The applitude of the
electric field a't:; any point in a gaussian beam is, by d-finition, a
gausegian function of the distance of tHat point from the bean axim, As
a further simplification, let us appro:%imtt the gaussian funection by
the single lobe of a cosine function o:!E appropriate spatial period l:o.
This approximatit%n is whown in Fig. Gb.*

We may |enter this appru:imté& amplitude 'va.ri'iia"an inte our

1

4 -
previous equations by replacing Ay and 4, of Bguatiom! (1.1.1) with
) 1 2 by

A = AR) = o cos (R, 2) ©
S N (3.221) !
A.= AR = a,cos 3;::,&)
I i

wWhere the -E:; poi!ntr-in the direction ofi the amplitude variation of

. i :
the i—th beam. AllLang the x-axis where the dye vell 1li®s we have,

o I
E'ﬂ = kku Q"‘UE@B %i (3.2.2)

!

N

R A = (ko wis@) 'x,l
I

- * = The electric field given by substituting theze new A; into

‘e (2.'1,1) hay be s ed and time-averaged &s before; however, it is more
[ oonwenient to use| the intensity tquatiaﬁ (2.2.1) ‘irnc‘tly, substituting
for the 5{‘ The resulting time averagedi-intencify of the interfering

1
beams is given by, after expanding all the cosine products,

!
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(a)

(v)

Figure 9.

gauseian amplitunde variation
C cosine approximation
R rectangular wvariation
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|

u = %ﬁ[ Q) eos” (R(}Ge‘%)! + q, con (RGe)
T Laaq, g mS(étiﬁ'aqﬁCe\*Cer)
| \ m(aéﬁm(ce;ce,) x)
i v cos (afh — Re(la+Ce) x)
X c.a::-s.(d:.i — \Q?(Qa,"'(leh“ﬂ)E ] (3.2.3)
where, from (2.2,10), i

ap, = R (Set Si;)?l‘ O, (3.2.4)

The result showk that there are four si?nifioant* gpatial modulation
components in the dye all having the sa+e amplitude. The four spatial

periods are given by permuting the signr in the following expression,
2
-

R(Se+Se)) tﬂ. CethL)
I
i
]
I

Sux (3.2.5)

The fractional separation of the two farthest separated pericds is

o

—_ {S--rsl" !Sw) ¢¢ a IRRG g‘z‘-:cs‘:t ). (3.2.6)

#The spatial frequencies (wave numbors}!uf the first two terms are too
low to matter; the dye could never laselat a wavelength the order of k.




o ——

Taking both angles to be 45°, we arrive at an expression for the spectral

broadening of an ITDFE laser due to litude variations in the pumping

beame: 1
N
&gt = g 2,
N S MAR,
i -
i f
In order to achieve a spectral width ' 10mA &t 6000 £ we need a value
!
of Mg greater than \*{H-_..J

Al

R
>\mE= Qk?@%ﬁ = 2(’3*[65‘)\05 - 0 ewm .

|

With the use of coylindrical lenses, the variation in the pumping beams

across the dye cell may be made to 1n:u:1l1 much like the rectangular variation
shown in Fig. 9b. The effective )\ﬁm ué the cosine which approximates this
vlniaiiﬂquvar the cell may easily be l;da greater than 60 cm, so we conclude
that amplitude variations of this nature, though important, are not

critical. The oriterigndiscuassed in the next section, it turms out, is

much Mlore critical for the nitrogen 1a4¢r pump. *

—y———

i e m m— s —
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. Spatial Ingoherence

Spatial incoherence desocri any situation in which there is a
lack of phase correlation between the fields at two points in space. Cne
iype of spatial incoherence which haz & merious broadening effect on the
spectral width of the ITDFE laser is what 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 ;.Dt the same thing}au will be shown.

At any point in a plane wav«a:tha"ﬁ—vhctor is perfectly defined.
The same os 15-1'1:: in & gaussian beam, f»:}r at each point in the beam ¥ is
exactly normal t¢ the curved phasé fromt and the E~vector gpread is sero
at that point. For clerification of thee point, compare ‘:hu K=vector

spread of an inooherent source with that of a ganssian beam of identical

geometry as shown in Fig -10.. With the, incoherent source, there iz a k-vector

ol =

\ i
. .sapead of pin~l(W/D) radians, whereas the coherent source has sere spoesd.

—— gy -

-

et



32

(a) occherent gaussian beam

(b) incoherent source

Figure 10.



I +

The effect of a k-vector s}uﬂ on the ITDFB laser can be estimated
with the aid of Fig. 11. Each of the iginal beams shown in Fig, 4 is
original beam. The k vectors of th; beams are displaced by a =mall
amount A% from the k vectors of Fig. 4. ﬂs.ﬁﬁf‘?ﬂ} the mituation depicted

replaced with two beame of the same phagme, but half the amplitude of the
in Fig. 4 and described in Section 2,2

s approached exactly. As before, all
electric field wvectore point along the &-axis, out of the plane of paper.

THé cembined electric field of the four|beams showan inm Fig, II(a]i¥

E:(Y) = At cos(p + &-1) y AL o(p-&R) - m)
¢ A cos (B, + &) | e cosln 7). (.3
}
o = e S T (3.3.2)
Kgwbrato mumipaletion yieits

E{2,9) = m(&i)[ A, c:o% (3, + A_LQCQF)EE]‘ (3.3.3)

The resultant time averaged field intehsity becomes,
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! (3.3.4)

W(AY = w[(ﬁﬂ’ﬁ BT ARR) + AA, X

'Li cosel) + g oon(ad) ¢ erlepa)] |
I

M= RR, = (ﬁ_ﬁl).ﬁ TN (3.3.5)

where

The intensity shows three significant jterms. From Fig. &1 it is evident that,

_ Ry = Rsuns,
kz;x = - R'%UW@; (3.3.6)
Q\Qx= (&R) cos ©,

Thus, evalutated along the x—axis, thq three xignificant terms are

|
W) = 6‘!«1 2) s, v ma(_a@ﬂiifﬁh x) + 4 wa( c_\{_l;z&,x)} :

(3.3.7)

‘I']m separation in the spatial periods iof the two spa.tinl sidebands is

AS = Qy(akk (3.3.8)
thse‘%T'Ssb?'

and 'I;h;nr total fraétional spread in s becomes,




L]

i
L)

as - 4
S

B R\ Se, + Se.

(3.3.9)

- R - —_— = ne

If we take both angles to be 45“, thﬂ

P oem wmE m om

estimate for the =pectral width ef

thc ITDFB laser line -dne to k-vector qpreaﬂ is

AN _ as _ 28R
X - s "R

i
R

[

S (3.3.50)

where X is the angle of the h-w m,lhown in Fig. & ll(b)
Using the criteriod ef of 110 mg.“ Goaq 1, the required value for

ol ie a.'hnu‘t "10~6 radians. For a pure

k-vector spresgd is zero radians m:Itha i

1
-gﬂ.usaian beam, as noted above, the

is no problem. For a superadiant

nitrogen laser of the type shown in Fig, 8 and redrawn in Fig. 13, 10~6

radiane of k-vector spread is an ext

shown in Fig., 13, the k-vector spread

o = NV
D

ly estringent specification. As

of the nitrogen laser is

(3.3.11)
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Figure'|2.|The k-vector spread eof a

B |

nitrogen lager.



where W is the channel width and D ip ¢

point of interest, Since a channel widt:

generate sufficient pumping power in th

he distance from the laser io the
h of at least 1 cm is necesmsary o

@ nitrogen lasmer, the value of I needed

$o meet the 10~0 radian requirsment is hn impractical 10 km. Alternatively,

using a reasonable value for.D of 3 m,
i I

e find that & is 3} mrad and the

spectral broadening of the dye line at FODG R is 18 i, one third the total

gain width of rhodamine 6G.

3.4 BSpectral Width

The spectral width of the o

utput of s continuous mingle mode

laser is gero. In a cavity laser of the

ITDFE lamer, several longitudinal modes

type that might be used to pulmp an

lomscillate at omnce mo the laser emimsion

L

coneiste of discrete frequencies separated by the well-known spacing ejEﬂ..

A one méter argon ion lager, for exampl

s has a bandwidth of about 3 gHz and

& longitudinal mode spacing of 150 mHz.' Thua, there canm be up to 20 or so lines

in the argon laser spectrum evenly spr-Lﬂ ovar the 3 gHz bamdwidth. The

spacing between the farthest separated

& oV (ats)

_.qggj\P(pLE).

e

‘3 B
A5 mA

I

The pulsed nitrogen laser a

|

in its emission apenfruh,;?uj for a we

®* 2 A

gorn lines= is thus

DR
| RNy

(3.4.1)

|80 has several discrete components

different reason. The superadiant

nitrogen laser oscillates on several oflithe rotational lines of the nitrogen
r *

molecule, which lines span a range of
If a multiline lasmer is use
know the effect 6f these multiple lines

the ITDFB laser, For a simple analysis

Y Pm Q-E E-
as an ITDFE laser pump, we want to
on the overall spectral width of

{ let us assume that the pumping




3

laser: has only two lines of equal amPliitudt. The situgtion is adequately

illustrated in Fig. 4 except that now e

ch: "beam" is made up of two plane

waves separated in frequency by 2 AL) yhers
—_ —
RKRAW = _5‘_5’ arp = awe % (3.4.2)

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

in the z.directiow, and Has-a ma,g:ni:tud-] given, by

T Eci(.ﬁ:‘.r{: = Ji}:."l{ Cﬂrﬁt\é\
*"%:}l; Ql?%}[ 61

+ L+ A, cm[f-,_

* S A, m'&f_‘{;‘r (w - aui){':]

wheare

3.-; = ?5;.

’Rl-ﬁl +

Algebraic manipulation yeidds

- (wrad)t]

(w0 - s E] ,

- (w +aw)t] {243}
. . (3.4.4)

_Ea(rgt) = m:;(dut)[A‘ cos(¥-wt) + A) cos (X~ uﬁ-):(-

The intensity of the field is

—u ft{.l'b = % Gdg' :E?:-Jéy [Af'
{_ oS (B+¥,-2

£3:4.5)"

-+ A: + 2AA, X
ot) + cos(f-0){ .

(3*4#6}

If the optical portion of the intensity is time avaraged, the result is,

|
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i) oS ) AT Ay +2A L coSOR) 0. (i

¥

where -ﬂ[g is given by (3.3.5). The effect, then, of a non-szero OW is

a temporal amplitude modulatiom at frliqu-no;r (2 21)) of the mpatial

intensity distribution we found -arliir in (2.2,4). No spread in the

DFB epatial period is produced. s rtmlinu fixed and is determined by

(2.2.12).

The periodiec spatial pa‘ttarr.:. induced in the dye will rimse and

fall ae illustrated in Fig. 1l3. As "t:hl1 average pump intensity periodically

falls below the dye lasing thraahold,jtha dye laser output falle to zero.

Thus, the dye's radiatiocn is amplitud

modulated. The percentage of

I
modulation is greater than 100%, the 'ﬁxnct amount depending on the

specific dye threshold. If we assume 'gha.t the dye laszer is " cut off" for

half the time, then the duration of a

ie given by

: = .E' = -L =
Ze z 2aW

dye laser burat as shown in Fig. 13

e

.4.8
De onp (3.4.8)

i 1
where we made use of (3.4.2), and > is the modulation period of the dye

output ( see Fig. 13). In the case ﬂf{thﬁ nitrogen pump,

= (RwSSY

(3.4.9)

2 (%70 (.6x rt}"é)

Thie duration, incidentally, ies dong

10~15 gec and short compared to the ni

o X _ﬁ)amsemw&a

mpared to the optical period of

trogen pulse duration of 10-8 sec.

The frequency spread of the [dye pulse implied by 'I:-b is,
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dye laser output

Figure 13.

IFB structure wvariation
|

!

Correspondeance q& the amplitude modulated DFE dye
laser output to the temporal variation in the DFB
structure cug.sbdrby dual line pumping.

. -
[l L]
" u 1.
)

!
i
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oWy > %,-—- __E{l.a,) _ (3.4.20)

|

Hence, the fractional spectral width ?i‘ the ITDFB dye laser emidsion due

to a simple case of multiline pumpingiis

D = oawy = How. (3.4.11)
Y. wd wy

]
Substituting from (3.4.2) add using tl!m relation

nNd
we obtain the result
2
(})\a =_ Q _&}P %\ (%) . (344-12}
For the multimode argon . laser described earlier, ;l.) ‘Q\P and

the dye linewidth becomes,
- AN= QP & SOmA
i

-, ,.s-_.l.'wIn the case of the nitrogen.lamer, things are much worse. Since

oy

)\311\9 we have,

AN) 3__8_25)513 = 5-1& (3.4.13)

“
The numerical factor in (3.4.13) ocmu’ from the ratio (%j + 4 and from




u z

the assumption that 3%: = 2, 1t cannnt!bt reduced much below 8. Thus,
b

in order to achieve our desired 10 mﬁ e lamer linewidth, the spectral

width of the.nitrogen laser must be held to about 1.2 £.
i

‘Even if the nitrogen laser jis restricted to oscillate on only

ome of its rotatiomel lines, it still X

am a finite =pectral width on accoumt
of the 10 msec pulse duration, That is,}

I

AD = —— o4 gle

L el = L 2@ [ (kBT
i (4 (23%0)
nl_l =

A Y (3.4.14)

and

Thud, from the point of view of single<line operation, the nitrogen laser

clearas the wire by a factor of three.




5. Summary of the Spectral Broaﬂ.miggil'lc'har#

In Sectioms 3,1 through 3. 4[1‘-11. spactral broadening of the

ITDFB dye laser line was calculated for each of four pathological
characteristics of the pumping beams iused for tunilg. The results of

these calculations may be numriz-d fe:-].lmrr*

Source of Broadening |[ (4Yx)
i

T
1. spatial divergenoe LY LT Nism ql
2. amplit‘l.tﬁt V&ria‘tiun-...*u-“.-..... N&’n?/ﬂ,"ﬂﬂ
3; Bpatiﬂl incﬂhﬁr&ma;---t---:vu«;»r- (gt} qub

4. apec;t_ra.l Hidth“..”...l....“...‘” NL{A}'PI}"F

where t
Xy = angle of divergenc
L]

o, = angle of k-vector ?preaﬂ.
Aypa = effective wavelength of amplitude variation

;Lf' = pump laser wavel h
&P = pump laser spuctra width

and the symbol "~ " is to be interpréted as meaning "™ is on the order of."

- ——

g
|
!.
|
1




3.6 Evaluation of the Nitrogen Laser ab a Pumpihg.Source for Interference
Tuned Dye Laser Specirosco

I Section (1) it was decided that a desirable resolution

for an ITDFB laser spectrometer' is 10 ﬁi, since this representz an
improvemant of at least an order of ma;nituds over the resolution of
conventional spectrometers. At visible wavelengths, a 10 mA resolution
can be achieved if the fractional spectral spread 4)/A of the ITDFB dye
laser is less than 2x107°,
A transver=e pumped supera&iant nitrogen laser of the type
commercially manufactured by Avco, Carver and other companies has the

following characteristics:

S

-
ut
Q
a
o

.

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

the nitregen beam is larger than the dye cell be a considerable margin,
or if a cylindrical lens is used to spread the beam in one direction s=o
that the widened beam has an even intenhsity over the dye cell, the problem
of amplitude variation is not significant. Typically, we may take

Avak = L wm,

Thus, calculated values for the four broadening factors are,

1. spatial divergence 4‘1,‘ » = 2RO ¢

2. amplitude variation aMr = A% 10 7
3. spatial incoherence afh = 1% ][1!-'3
4. spectral width oMy = 7 X ID#H




Since we are seeking a fractional spr

ad of less than Exlﬂ'ﬁ, even if the

caleculations of Section (3) are off bﬁ two orders of magnitude,; it is clear

o
that the superadiamt nitrogen laser cinnnt be expected to yield a 10 mA

i
dye lager line in the ITDFBE scheme b!%ause of ite overwhelming failure to

meet the 106 criterion on account nfik-veatur spread, the third broadening

factor. It will be recalled from Staiion 3.3 that the dye laser linewidth

: y Q
is likely to be broadened out to rquﬂly 18 A by the action of k-vector

epread alone., The spectral width fact
orders of magnitude.
appear to pose any problem.

v As a move toward improving

r is also wide of the mark by several

The first two fdctdrs, on the other hand, do not

the k-vector spread and speciral

width of the nitrogen lamer, a reasongble approach is to try to reduce the

gain.of the nitrogen laser and to put

cavity. In this way, a transition frol

coharent cavity oscillator regime mig

s

the lager tube into a resonant
the muperadiant regime to the more

t be achieved.



(4) Experimental Nitrogen Laser Heesarch
¥
i

For purposes of investigating the possiliility of using the

»

nitrogen laaser as a pump for an ITDFBidye lader, a tpansverse-£ield .\ p

rulsed nitrogen laser was constructed}

l. Physical Description of Nitrogen Laser

A mketch of the nitrogen 11::;.tube amployed is shown in
Fig. 14. The twi;;lsutfoﬁus, ahdL 50jcm in length, ‘were made from
1" 0.D, polished brass fubing and were positioned within a 2&" I.D.
acrylic plastic tube Bo that the separation between the salectrodes was
1#". Each electrode wgs supported by three 3" diametér brass studs which
protruded through the zerylic tube and were cemented in place. Copper
sheets were then used to comnect the electrodes via the studs to the
various discharge circuit ﬂompﬂnm‘tﬂ.l The ends of the a-:ar;itf‘ﬁi-'tu‘b- were
fitted with 2" diamester .ciroular windiw: cut from 4" thqu;GHzning
No. 7740 pyrex glassa. These windows wére mounted perpendiculanly to the
axis of the laser tube. Two gas canne?tiohs were made in the =ide of
the tube near the ends to provide forja flow of nitrogen gas.

The discharge circuit consisted of a 30KVDC power supply,
two capacitor banke, and an EG&G GP—lé triggered spark gap. A schematic
diagram of the discharge circuit is shown in Fig. 15. The inductances
I: shown in the schematic diagram reprﬁsenﬁ the distributed inductance
of the corper sheets which were usedin place of wires t¢ connect the
discharge circuit eleménts. From tranmission line calcoulations, the value
of L was found to be about 30 nH. Thejinductance of the spark gep is
20 nH, The capacitor banks C; and C, wére composed of Sprague 30 kV
2500 pF ceramic units. The inductance of these special purpose napauitnra}

i

[
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to trigger circuit

—— o -

E?Cr i
R PR | l L
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supply :
Re 2200- 2000, Q
L L L

L distributed inductance
L; spark gap inductance
R charging rusiuto:!

30 spark gap !

DT discharge tube f

E

Figure 15 , Discharge circhit schematioc.
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Figure \b . Trigger circuit schematio.




not shown in the schematic, is on thel order of 2-4 nH,

The spark gap was triggered by an EGEG TR-153 trigger

transformer driven by a wvariable fr-qizncy traneistorized pulser. The

complete trigger circuit is shown in Fig. 16. It was found that the

i
polarity of the voltage pulee triggering the gap was very critical. If
the leads: from the trigger transfurme} to the gap were connected incorrectly,

the gap =imply did not fire at all., The correct polarity is shown in Pig. 16.

Perfor e Characterist
The 30 KVIDC power supply employed was capable of delivering
a maximum average power of 150 W, Sipce the energy regquired to charge
capa;itor bank Cy for each pulse was

- = avE= @cmﬁc’q)(@am&j"_—_ [gdaule.

the maximum repetitdon rated was limited %o sout 8 pps.

As measured by a CDC THs¢j%lnalorimetar, the energy contained
in esach laser pulse wae 0.50 &5 mJ. ?ha efficiency of the laser, based
on the 9 J stored in C, per pulse, wapg .005 % '

The wavelength of the nit:tgtl-laaar emiesion is known tfo
bes 3371 A with a spectral width of abput 0.6 i. This width, as was nbdted
previously, is due to the fact that the excited nitrogen gas lases on
several rotational transitionas at oncp. The duration of the laser pulse,
as measured with an ITT FW-1144 biplaﬁar photodiode ¢onng9ted to a
Techtronix Type 519 é6scilloscope, wape|found to be 10 nsec. The pulse
occurred some 80 nsec after the voltage across the nitrogen discharge
began to break down. The, Jigcharge voltage and laser pulse oscillograms
are shown in Fig lT}r Both ‘fraces have a time base of 50nsec/cm and
were triggered by the voltage rise ahéwn in (a). A triple trace of
the laser pulse at 5 ns.a}cm im shownfin Fig l?b}

dince the laser pulse lasted 10 nsec and contained an energy

_of 0.50 mJ, the average power output Tf the laser during the pulse was

L

|
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(a) Voltage across discharge
tube. Vert: 10 kV/cm,
Base: 50 nsec/cm.

(b) Laser pulse.
Vert: uncalibrated,
Base: 50 nsec/cm

(¢c) Three superposed laser
pulses. Vert: unecal,
Base: 5 nsec/em

Figure f].




-\
P - 5%\3 — S'D\-'\I\A/
oS " |0

#

Since the pulse was approximgtely sintisoidal in shape, the peak power

T

achi;veﬁ during the pulss was i
o= mp, = TRkW.
fasc z |

The shape of the laser bcl% leaving the laser laser tube
wag Tectangular, the dimensions hein}g 1#" x 4", The divergence of the

beam in the longer dimension was mtasILr-d to be 1B mrad.

The optimum size of capaciter bank C,, which in our setup could
only |
=¥ty be changed in increments of 2.5 f?, was found to be 5 nF. The optimum
nitrogen pressure was 20 torr.

A theoretical upper limit o¥ the power available from the
nitrogen laser at 20 torr can be nalcui:ttd from the assumption of 100%

inversion in the discharge channel,

Proe = KH°.>;%V,

i
|
where n, is the gas densiiy, V the vol?ma of the channel, and @ the pulse

duration. For the laser described abové we have n, = 4x1017 fom3, V = 75 om3,
) = 7210712 J, and ¢ = 10~8 sec. Thus!,Pma: -~ E}I;lﬂg W, Since the actual

power of the pulse was 50 kW, the avarigt percent inversion was .025ﬁ.

C— —
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3. The Cavity Experiment

In the conclusion of Seciion! (3) it was pointed out that in order

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

dye laser, the ahar%%aristiaa of the nitrogen beam.hg#:ﬁPth improved. The

purpose of the cavity experiment was 1:1 see if theuul;haractqriuti¢u could

be imrpoved by reducing the gain of thL nitrogen laser and by putting i

into a rtucnant“cavityt
A choice of the type of resocnant cavity to be usmed was governed

by consideration of the volume of the Optical mode that would fit in the

cavity. To obtain a sufficient amount nf power cutput for dye pumping,

a large mode volume is needed. The diameter of 1h¢lmnd- should be on the

order of 1 cm, since this length is typical of the ﬂimanuiu;s of the

b

inverted region in fHe gam.< ow !
e

Cur first inclination was to’deqign & héamispherical cavity with

a gaussian beam diameter of 1 om, It immediately became apparent, however,

that such a design Was impractical bechuse, at the udtraviotel wavelength

of 3371 i, the calculated radius of c,! ature for the curved mirrop-of
the_hemispherical cawiiy-needed to nbzgzn tire 1 cm beam dianter was

simﬁiy too large. This can be demonstrated as follows. The diamier of a beam

formed in a hemiepherical feuonant cavity of length z and airror curvature

l=ti.:u}:?‘-'l

.. D =_‘_QE1[2CR—%)] :

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

z = 1 my, the value of R needed to obtain D m 1 cm i’s




g5

=3
If the wavelength were 10 nm instead o:r 3371 A, R would come out to around
100 m which i® within the realm of prni:tiualitr. Essentially, what the

i £ . .
calculation for-R-tellmns is that tht: only way tq get a beam diameter

of the order of 1 dm at UV Ha.*uhng'thil is to use a plane-parallel cavity.

This ie what we “tried. i

A plane-parallel cavity was formed by a moai reflector and one
of three availbble quarts beam splitters. These beam splitiers, with low-
loss evaporated aluminum surfaces, had; reflectivities at 3371 iof 30%,
60%, and 95%. The gain of the ni'trogu?:a tube was reduced mo that the ouput
beam, as observed by fluorescence frol; & moveable screen, only appeared

s ey

when the second mirror of the plme—pa?rallul cavity, the beam splitter,

= —— " i — e s L

was in place and was perfectly aligned. Several differsnt ‘methods of
reducing the nitrogen -gain wers trihj reductidn of the power supply
voltage; adjustment of the nitrogen pressure away from its optisum vialue;
the addition of helium to the discharge tube, With all of thesé methods,
and trying all three beam-splitters, the smallest beam divergence that

could be obtained was¥ 5 mrad. If a colierent mode were forming in the

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

AS = _E\’:;_ —_ . Iira_ X -03 "ﬂ'\ﬂﬁd

The failure of the cavity 1xperiment to achieve a low divergence

nitrogen beam with its low condomitant k-vector spread casts doubt upon the

-

e
]
L
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feasibility of using a =ingle=tube nit

resolution ITDFB dye -laser qpnctrométe

L

rogen laser as a pump for a high

« A possible explanation of the

large divergence obtained iz presented! in the nexi section along with a

suggestion for improvement.

- e
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1. In‘t _gp;_rtmtmn of experimental results.

In Section 4.3 we found that)the divergence of the ouput beam of .
& 50 cm long hitrogen cavity lamer s many times larger than what would be
expected from the diffraction of a uuhiprmt mode. It appears that the
laser is operating as a mltiplin,upn ially incoherent sourcerrather than
as a coherent source. That is, by add a second plane mirror and by

reducing the gain, the laser still behaves inlia. superadiant manner but
i
with a longer effective length and corresponding decreased divergence. °

The situatiom ie illun‘tratedE in Fig. 18, When the gain of the
nitrogen medium is reduced below a curttain value, the amplification of the
noise generated at point P along the pzth A-B~C in Fig. 18a, where only

one mirror is used, ia insufficieat ‘Ii produce a significant output powar. '

]Iawwar, whon mirror 2 is add.ﬂ a% spo¥n in Fig. 1Y¥b, & longer amplifidatien
path appears along A=B~C-D and the rall gain adeng+thimpath is
sufficient to produce an output of = ral ltilluwat‘hs from the zpontaneous
noise generated at point E. i

To compare tl_:m intensities OE the two beame depicted in Fig. 19,

wWe may wr:l.tu,pl_ ' i

‘( =< _ .. .

whers L is the length of the cavity, at is the exponential gain in intensity,
afnd we have assumed that the medium™ :|.L u.n-a‘l;uratnd. A rough estimate for
the value of & oain be made from an experimental result of D.AY L-lﬂnard[cr J
He found that the small-signal ( unsatfrated) gain of his transverse-field

nitrogen laser, whiﬂlc;%m-parable to ourse, was 75 db/m. That is,
ol
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mirror 1

(a) A two-pass path in a ome-mirror|
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mirror 1

(v) A {hree-pass ga‘th in a twa—uirlmr cavity.(Mirror 2 is partially

transmitting.
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Figure ‘%.




and

. :EEL = . Cg_ I ~51)ij,

=F o - *{'. 1 T -
ﬁ@t exira pass makes a very significan} difference.

The obvious suggestion that comes to mind ie to reduce the gain
of the nitrogen medium still further =¢ that only pathes which have, ;ar,
50 or more passes Will have sufficientigain to produce kilowatis of
output. Then the divergence of the autiu

W

shown in Fig. 1%a by a factor of 25. GSince our experiment failed to yield

1t- beam would be improved over that

such a large divergence reduction, we gomcludd that the population inversion
#8 the nitrogen discharge did not last|long enough to allow fur'ﬁﬁﬂi.lnng
maltipass amplification fathn. }
The best divergence obtaiﬁid was 5 mrad. For a cavity of length
50 c¢m and width 137 &3 cm, the numberiof passes implied by thiﬁdivergtncﬂ

figure is

e MWW o= 3 l
LA 50 (Sl 102

1

2

The time required for light to make this number of passes through the
cavity is ‘




o

.t = W—% = :;2'% = RO .msec.
* 10

{
The conclueion then;is that the popnlalion inversion in the laser tube
only lasts for roughlIy 20 nsec, This flgnri is reasomable on two accoumts,
First, 20 nsec is the time scale for the voltage breakdown and current

pulse as svidenced by tup.pgpillngrggg‘nf_fig;_lﬁ + Secondly, the lifetime

- -
of the upper state of the 3371 A lamer |transition is 40 nmec. Once a
nitrogen molecule is pumped to the upper state, it pust be "umed" before
its lifetime expiras, }

- p—

2. Improving Spatial Cohsrence

Appafnhtly, according to our Funn-ption of amplification in

==

N T |

tarmu of raga anﬁ passes, the divergence of the nitrogen laser beam cannoi
be impruvad by decreasing the 1:ngth~n# the ocavity. Althoughia shorter
cavity allows for more passes, the gnlqttric factor H/L im increased by

i :
the same amount and the same overall divergence results. That is,

1

M\
but
—_ xh = & 4 . L
T
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Another, perhaps more realistic, approach to the question of

nitrogen laser beam divergence is to ask: what is the divergence of the
dominant steady state mode of the cavity, and how long doe= it take for
that mode to build up. The divergence df a steady state field configuration
in & plane-parallel cavity is limited qnlr by diffraction and was shown in
Section 4.3 to be on the order of .03 4rad. The question of the time it
takes for a mode to grow and saturate {he medium was investigated by Fox
and Li.lﬁ One gets the impression fruj reading their paper that it takes
roughly 200 single passes for a mode t0 build up in a well-aligned plane-
parallel cavity of reasonable dimansiod&, as long am the Fresnell number is
greater than 5. Thus, it appeare that dontrary to the conclusion of the
oversimplified ray analysis, there is ﬁn advantage to be gained by a
reduction in cavity length. If it is true that the inversion in the nitrogen
lager lgets at leamt 20 nsec, and if 200 passes is a sufficient time for

the modal buildup, a diffraction limiiqT.beam should be obtainable from

& cavity of length

- - L — % = (3"1‘50)! @"-.é%}_._ = 3 e,

200

However, the power output of such a ah% nitrogen laser would be much too

low %o pump any dycs.* i

by Kogelnik and Shank ( see Section 2.3) had such a high spatial coherence
to be ghle to meet the criteria presented in Sectiom 3. One reason is that
high power ruby lasers can be fitted ipto very short cavities. Far more
important, however, is the fact that the lifetime of the upper state of
the lasing transition in ruby is several milliseconds. Once & chromium ion
is excited, it im willing to wait millidne of nanoseconds before it adds
its quantum of energy to the cavity modEi Secondly, ruby lasere are pumped

*At this point the reader may be wundur%ng why the ruby pumping laser used

by flashlamps. The duration of a flashlamp pulse is several thousand nano-
seconds, much longer than the 20 nsec phmping period in the nitrogen discharge.
The modes in a ruby cavity laser, then,!have plenty of time to build up.




5.3 Proposal for am Oscillator—Amplifiér Nitrogem Pump
i
We found that, with a 3 om ¢avity, a nitrogem laser should be

capable of preducing a spatially ccherent beam. In order to obtain both
the power and the spatial coherence ne¢ded for ITDFB dye laser pumping,
a short 3 cm nitrogen laser could be uged as an oscillator to drive another

nitrogen tube employed aem an amplifier{ Such a configuratiop is shown in

Pig. 19. As long as the amplifier is Jrfmrt eddbugh so that it does mot
suparadiaf; on a single pass, the uahu*u ought to work with both discharge
tubes triggered at the same time. If n%r- power is needed, one could use
a longer amplifier tube if trigger dnlﬁying weres used, BEy delaying the
firing of the amplifier discharge, theilamplifying population inversioa is
not turned on until the coherent oaciléatur pulse has had time to build up
and is ready to drive the amplifier.
Unfortunately, we had time neither to experimentally investigate

the divergence characteristica ¢f shor{ discharge lasers, nor to implement

a dudl tube apparatus.

"
M
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T TDL
mi mz
S, A— v
S A

0 laser oseillator
A lamer amplifier
M1 full-reflecting plane mirror

M2 partially transmitting plane mirror
T  triggering oircuilt

TDL trigger delay line

! |
Figure |{]. The Oscillator-Amplifier Configuration.
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