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Alexander Mueller
Max-FPlanck-Tastitut fuer Eicehvsikalische Chemie
Am Fassheray D-72433 Goettinsen

The conventional laser arransement consists of three main elementst
(1Y active mediums (2) ortical resonatar and (3) pump Source.
Commonly the resonater is formed by tws {or more? end mirrors providina
the ferdback necessarv for oscillation.

In 1971 Koselnik and Shank prorosed a different arraznsement
in which the feedback mechanism is distributed throushout the
sain medium and intesrated with ii, [n Lhis arransement the
feredback mechanism is provided by E r a 3 3 s ec atterina
from a rperiodic sratial variation of the refractive index of the
+gain mediumy or of the sain itself, ,

The term "Brass scatierins” ar "Erasg reflection' arisimates from
the field of X-rav diffractien but the rhenemenon is not restirictad
to this wawelensth ranse. It can be obszrued as well with visibhle lisht
or muen with sound waves. Wa take a 1 aminated g2ratingeg
which consists of eeuidistants partially transmitting reflective
lavers [FIG.1a/0HF1, A coherent 1ishi beam is comina from the left
side and is epartiallvy reflected from each laver. In order te daziermine
the directions into which maximum intansity is raflectedr we can
immediately set the path difference far tuwn ravs from the fisure
[FIG.tal. Maxima {(or minima) in the intaznsity of the reflected {(or
transmitied) wawe occur when the coendition 2 AnSiu F=m
is satisfied., This relationshir is called B r a 9 3 ' s 1 a w.
Where m = interference arder.
For nermal incidence (¥ = 98°) we have:

2nA = m))

In order to wmake a DFDL we have to induce a rariodic spatial
variation of the refractive index n or the sain constant af the
laser medium: NEE) = N+ in, Coa kK2

()= X+ o, COa K2
z is measured alons the optic axis ang K = 2T/A

A is the perisd or frinse sracing of the seatial modulationy and
M. and o, are its amplitudes. A DFOL structure of this kind will then

oscillate at a wavelensth RL determined by the relatienshirp: )\ - 2,11&
L=

There are several wavs to prepare a laser medium of this sort. The first
experiments of Koselnik and Shank used 2 s e 1l a tins f£4ilm an
3 2lass substrate, The delatin was dichromated and exposed to the
interfarence pattern produced by twa coharant UV beams of a heliovm-
cadmium laser [FIG.2a/0HF]. The frinse sracins in ihe selatin was
about A = 0.3 amn

After exrosure the selatin was deuelored (usins techniaves well-known
in holoagrarhv) resulting in a spatial medulation of the substirate
depsity. The develared 2elatin was then immersed in a solution of
rhodamine &G to make the dve penetrate into the rorous
selatin laver. After drvins the resultins DFDL structure was pumped
with W radiation frem a nitrosen laser [FIG.Zb/AOMFI. At Pump

L ¢ z .
sowar densities > A W/cm™ laser oscillation was observed at a

wavelensth A, = 630 am. The linewidih was die ¢ 2.5 A (instrument
limited).

When 2 v on i £ orm aelatin laver dved with rhodamine 4G was
pumeeid in the same waves stimulated emission was ebserved at

A= 59 nm with a line width of AX = 5@ A, Obviouslivy in the first
case there is considarable line narrowina due to the distributed
feedback effect.

The observed behavior is duye to the fact that two counterrunninas
waves are eropasatinag in the periodic structure which are courled
to each ether [FIG.3/0HF]. The electric field E can be exprressed

in the forms Fiay - RG) exp(-{K2/2) + SCG) exp(jk/2)

where =z is the direction of prorasationy and R and $ are comrlex
ameplitudes.
The boundary conditians aret R({-L/2) = S(./2) = @

At thz endfaces of the device a wave starts with zero amplitude.
It receives its initial enersy throush feedback frem the other
wave. The wauves grow in the presence of sain and feed enersay into
each other due tu the sepatial modulation of n orod .

A DFDOL structure consistinas of a laser dve embedded in some
palvmeric matrix has the sreat disadvantase that it does not function
far a very lons period of time because all orsanic dyes are more or
less quickly desraded by photochemical processes and in the risid
matrix thevy cannot be rerlernished. It is rather much more practical
to use instead a3 d v e in s o lwutiaean as the laser medium
and to induce the periodic sain and refractive index variation by
formina an interference rattern of the pumep lisht on the surface of
the dve cell [FIG.4a+b/ ].

The seraration A of two interference maxima in this case is:

P
A - 2 8w

1; pume wavelensth
If we combine this with the Brass condition for fededback: ‘1;_= zZn A
we obtain:
VL Ap

- fiu @
The DFOL nuteput wavelensth deerends on the refractive index af the
dvz2 solution ny the angle of incidence & of the pump lisht and the
rumping wavelensth Ap.
Since for anv chosen PUMFiN3 source 3?==const.r one could either
varv n or © for tunins the wavelensth of the DFOL. But befare we
have a closer look at tunins let us consider still another arransement.
When vou look at the last fisure [FIG.4al+r vou will observe that ravs
from different parts of the pump beam are not combininsg with them-
selues to produce the interference pattern on the dve cell. That
means low seratial coherence of the eume beam will result in bad frinse
visibility V2 i

V = I]htn = Toaerm

Tcaun + jlw;‘
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In order to improve this situation (which is necessarv rarticularlv in Due to the low compressibiiity af liauids of 8.1-8.2 A/bar
the case of nitrosen laser pumpins) Ze. Bor {1979) prorosed a schame the tuning ranse is fairiy small. For Fmax 188 bar the
of the fallowina kind (FIG,S/ Jr in whih & *alosrarhic grating is wauslaenath shift is AAXL.~ 1@ - 28 A
vead in Place of the beam selitter. . L
From the sratins eavation we have forob : {2) Another waw to tune the DFLRL is by chanszing the anale u;-f‘ ingidence &
: which can he achieved by _rotating the two mirrors in orrosite
S o = )p/d directiens by an ansle about a vertical axis [FIG.l1zZa/DIA). In
this wav the frinae seraration is chansed:
d = spacing of the aratins (mm/araave) ,}P
m =1 {(first order of diffraction assumed) Fav

-——-——_—-'_-—
2 g (@)
For the seraration of the interference frinses we had obiained earlier: ) ) )

3f =aurse the achromatic sropertv is lest in this case.

-/\- hd '”F_').E—' The lasins wavelensth as a functios of d is siven by [FIG.12b/DIAI:
25 @
Now consider the sepecial case that the two mirrors are rarallely i.e. " )‘P
of =0 . In this case it follews A a2 o/2 ’)\ = ______,_T-d——g‘—-
and 2, - v-d L Sim [Mc‘s»«(j")_Z )
Because the frinse seraration turns out to be inderendent on the pump ) . . 1
. wavelensth in this case each seectral component of the pume N, laser On this basis we have recentlv consiructed a DFDL which is continvouwsly
creates an interference patiern with the same A . Therefores we call tunable by a computer [FIG.lSa./EfHF]*-[FIG.!Sb;’DIA]._The dve cell is
this an achromatic arvranseaement. kert stationary. The rotating mirrors andAthe gratins are on the )
trapnslation table which assures that the lrjlt.etjf‘erencg rattern ramains
Additionallys if the followins seomeiric ralationshier is satisfied: on the dve cell surface when the ansle'of‘ incidence is changed-
— i - The next fisure [FIG.14/0HF] shows tunins curves obtained with three
| s '{'5(90-'6) B = - different dves.
/R‘ - b Y
‘J -l -" ) {3) It is nuen possible to orerate the OFDL in the WY apd blue
~ X . S - 1- 847« = Ci)z_,( gprctral ranse where the svnchronously mode-locked cw dve laser does
e ;4_ 7 Sl o S ol Ap not vat work CFIG.15/0HF3. For this purrese one has to use secend
e - ordar Brass reflectian: A .
7 L O Y s
for each point of the dve cell surface the two interferins beams have bagl

been diffracted from the same point on the sratins ([FIC.&/0HFI: red
and areen lines!). Thus it is possible with this arransement to oblain
300d visibility of the frinses guen with 3 nitresen laser which

has low sratial coherence. for parallel mirrors: ol N Mo’
Mote that neither of this two erorerties could have been obtained N = 2 3 ),_ N
with the arransement usins a beam selitter in rlace of the sratins! z

The sratins arransement with parallel mirrors can be set up in a

rarticularly compact formy which has the advantases of simplicitys

stability and ease of alisament [FIG.9/0IAY. The mirrors are rerlaced

bv total internal reflections from the cuvartz-air interfaces of the

avartz bleck., The next twe siides [FIG.1A+11/01A) show this device

in aoreration. Let us now have a look at the temporal bahavior of the DFDL.‘
Tosether with Dr. Bor and his colleasas we have investisated this
problem in some detail recentlvy.

I will now turn to the methods which can be uvsed to tune the . . .
wavelensth of the DFDL: We write down the folleawinz set of rate eavations!
(1) Variation of the refractive index n of the dve solution:

1) Rate of porulation of the urper laser levei:

(1.1} Mixing of saluents with different indices n LFIG.7/0HF3. n = nl{tlry a4 = g(t)s Ip = Ie(t) i?_=~r¢f"f‘tcg'v9- waoluy

(1.2) Pressure derendence of index n [FIG.S/0HF]. - c I 4]
The rrassure derendence of n is contained in the Lorantz- c:_(j__" - IP G'F' LN‘“] - ‘sg: er q —_— —_—
Lorentzr formula for ithe molar refractiont Ou T ) .
P ni. o M Fume lisht absorption stimylated emission spontanecus emission

e . 4/d¢
Mo o2 8 § - 8% ) » S'(G)_f;)r-cous!-

(4..;5;._!;2_1—:_:!) (4ebulated )



Z) Photon flux:

o o= ity
g (Co-@a)d e L -7
i __.9_"_,._._-419 - = + =

?

stimulated emission amelified spent. emission

(A & E?

“rasonator losgs"

Absorrtion from the uprer laser level (81) to hisher excited sinsglet
states (S!1 -> Sn) is an jimportant loss process in dve lasers that are
pumped by short laser pulses. Its contribution i¢ taken into acecount
by including &4 » which is implicitely alse contained in T_ (see
belowt).

The sepecial features of distributed feedback are introduced with the
term T, . In convantional lasers it describes the (constant) resonator
losses. In our case a mare aenaral definition must be used since there
is no external resonator in a DFDL:

Dutrut loss
Internal absorrtion
or scatterins loss
side outrut loss

Tatal number of rphotons
T. ™~ FRata of ehnton Toss  ——

—

The edquivalent cavity decay time can be shown to be:

T (€)= c,'ql [ﬂ{. ({)J

we consider only the sain modulation by Pumpins» becavse it was found
that the refractive index moedulation makes a nesliasible contribution.

The amplitude of the sratial modulation of the sain isi

ol () = &, -V ()

¥ = Visibility of frinses
n = Averase eorulation of St

So we obtain finallwy

Y, (t) = ,..__-. LH(G 6‘)\/]

This srstem of courled rate eavations can be solved on a small disital
compuber usins a Runae-Kutta procadure of fourth order [FIG.14a/CHF].
The avantitiv which is vsually most interestina is the ocutput Power of

the OFDL:
b)) -2 ke P8
Tewt e =6 L-a.b

sz 17N <p)

penetration deeth of the pump lisht

- {.‘ -

Now we can comrare the time courses of Ip» ©c and Pout [FIG.1&6k/0HFT,
The diasram shows that 7 has a strensly non-linear time derendence
which sives rise to relaxation oscillations of the output. Their

number depends on the pumping rate, As 1 will showsr the rulsas

which are senerated are of extremely short duratien.

If Pout is plotted on a losarithmical scale agsainst time one can

see nicelv that the intensity is chanaina over manvy erders of masnituda
between the individual rulses.

In arder to find aut whether the svstem of couerled rate eavations
is a sood model of the real DFDL we have compared results of the model
computations with outerut pulses recorded with a streak camera svystem
[FIG.17/D1A]. The asreement is indeed remarkably sood,

A particular copditicn exists Just below the threshald of the

secand pulse,. Here we have a stable s i n a1l e witrashort rulse

-~ a eroreriv of the DFOL which is very vsefuls and auite an advantaae
in comparison to mode-locked lasers where sinsle eylse selection

has to be empleved usineg electrooptic methods.

One can now proceed to vary the various rarameters of the savations
and caomerare theoretical and experimental results auantitativelvy.
Some exameles are shown in the followins fisures:
[FIG.153/DIA+FIGC.19/DIA+FIG. 26 /0HF]

Instead of temepoaral relationshirs one can Jjust as well compare the
gnerdies of the s i n s 1 @ pulses {cf. definition zluen egarlier!)
EFIG.21 /0HF ]

Since the fluorescence lifetime of the laser dve octurs in the rate
eguations one can trvy to chanse it by addina auanchers to the dve
solutions m.9, rotassium iodide K1 LFIG.ZZ/0HF]. Accordins to the

Stern-Yolmer law: d)o x, Ar ke
—— 2 — = "
G T

fluorescencw Ruantum vield without auvencher
" with quencher
fluorﬂsrengp lifetime without avencher
" with quencher

H H It g

=
[}

48 1/mol = avenchins constant

Finally one can measyre the output anerav of the DFDL as a function
of pume pPower and compare it with the computed results {FIG.Z3/0HFI,
again notins that the asreemeant is verwy aocod.

The sinsle pulse condition is satisfied when the DFDL is rumped
about 15% abowe its threshold. For the comeputer controlled DOFDL»
which 1 presented earlier in this lecturey we have measured the
sinale pulse condition as a function of outeput wavelenath [FIG.Z4/0HF].
As a practical wav te ohtain sinslie pulses we sussest the followinsg
Frocedure? First insert a neutral density filter with a transmission
of 25% into the pume beam. Reduce the eume intensity until lasins
of the DFDL stars and then remcve the filter. Under these conditions
sinsle pulsas will be zeneruted most of the time,



As the fisures show the Juration of the sinale »suises 15 about
3 - ¢ ps whan a nitroesan laser hauiqs a_Pulsg duration of 3_ns is faving a near-Gaussian share as siven by our medel.
used as the pume source. For manv arrlications it would be desirable These are obviously the shortest pulses ene can senerate with a
to senerate pulses of shorter duration. If we ook asain at the rate LETL of the kind which we haue used so fars their duration beins
squationss we see that thev ceontain the time-derendent rumpins limited by the transit time of liaht threush the DFDL.
term Ip(t). Soluins them far pump pulses of shorter duration thev
predict & shortenima of the outrut pulses. S0 we tried to construct

which is the time-tandwidth product of transform-limited pPulses

pume lasers which weuld produce shorter pulses than the ones senerated The lact fisure [FIC.21/0HF] summarizes the charactaristics
EEI;?E low pressure nitrogsen laser used so far (FIG.25a/0HF+FIG,250 of distributed'Feedbatk lasers.

The electrodes of the TEA-NZ-laser ware connected to falded rarallel
plate Bluemlein lines which were switched by a hrdrosan thyratron.

A telescore (M = 9) inserted between oscillater and amelifier reduced Literature:

the horizontal diversence of the TEA-laser to about 1.5 mrad. : LE. Bi nd H. Ksaselnikr @pel. Phvys., Lett,
The dve bis-MSE was used as saturable absorber in the focal rlane of B Ei;i,gg;gk;1$7s) Blorkholm a

the telescorae. Reretitian rate was 12 eprs and #.5 mJ were nesded to

Fump the DFDL. Z) Zs. Bory IEEE J. Quant. Elactron. BE-161y 517 (195@)

The relaxation oscillations obtaiped with the rate eavation madel 3) Zs, Bars Oet. Commun. [29]y 163 (1979)

are asain observed exererimentally, Uron lowerins of the pump intensity

one sets sinsle pPulses as befare [(FIG.Z&/DIAJ. Sos the model is well 4) a) Zs. Bory A. Muellery B. Racz and F.P. Schaefery Arrl.
suited to describe DFODL hehaviar even under the canditions of variable Fhys, [BZ71r 9 (1982)

pulse duration. b) ibid.y» [BZ71, 77 (1982)

The next slide summarizes our resvlts [FIG.Z27/DIA1.

Each point is an averase of 28 laser shots, The prediction of the rate 5) Is. Bors A. Mualler and B. Raczs Opt. Commun., C481r
esuation model is abuwiously coarrect: Shorter pume rulses resuli in 294 (192%)

shorter outeput Pulses!

From this diasram one would expect that the DFOL is capable of &) Zs., Bors B. Racz and F.P. Schaeferr Kuantovara Electron.
producing pulses as short as a few picoseconds. It isy howsuar: (Moscow) {91, 1639 (1982)F (Ensl. Transl.: Sov, J. Quantum
obuiaus that the uvltimate limit of pulse duration will be about one half Elactron., [121: 145@ (1982))

of the transit time of lisht throush the DFDL. Thereforey we decreased

the lansth of the DFDL to Zmm when we used the .7 ns epumping rpulse. 7) C. Szabar A. Mueller and Zs. Bors APPl. Phys. [Br19831

This fisure [(FIG.Z28/D3IA] shews the measured sulse share, The rulse has
a FWHM of 2.8 OMA channels (OMA = optical muliichannel analvrzer)., Tha
sumees speed of the streak camera was 1.42+-0.62 ps/channal. Takins ints
account anm instrumental resolution of L1 p5 one can compute a fulse

duration of & ps (FWHM).
-— z
o = R.8 . ‘{‘q.z PS , T ~ VT“’- -T suéf.-c

in eress

The enersy of the sinsle pulse was about 4% nJds correseponding {o a
raak powar of about 7 kW,

Our results show that the DFDL rpulses ara about 58 times shorter
than the pume pPulses, Soy in order to find sut how short are the
shortest pulses we canm producer we have used pulses of 16 ps duration
from a mode-Iocked Nd:YAG laser for epumpinsg tha OFDL.

This fisure presents an outling of our setur [FIG,Z9/0HF]. The DFDL
oscillator and the first amelifier stase are pumped with the third
harmoenic (352 nm) while the second ameplifier stase is pumped with the
second harmonic (328 nm) of the NdIiYAG laser. Since the pulses
senevated are too short to be measured with our streak camerar we
haue usad a secand order autocorrelation method to detarmine the
#ulse. duration, The seectra of the rulsas were measurzd simulianeously
usin= a aratins spectrosrarh.

We have ploited here [FIG.2@/0RF] the recirrocals of the measured
spactral wmidths (1/4WV) asainst the measured pulse durations. The
axperimental rpoints lie auite well aon a siraisht line drawn for

A{ P AV = 0-?’4
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EXCITATION:

RATE EQUATIONS:

I{t) = Gaussian Pulse

ko= fin,n 1)

Y

Stationary Population of 51:
Staticnary Number of Photons:

INITIAL CONDITIONS:

n(to)
q(no)

n
=
Q

1]

h = step width

A

N 1+ i1 - .- o
ti,q ° t+h - ;_1
__ﬁ_iy_____
- RUNGE - KUTTA PROCEDURE
n(ti+1) = n(ti) + h + (average slope)
q(ti+1) = q{ti} + h * (average slope)
h + h/2

STEP WIDTH
CONTROL
Criterion = E

n(t

i+1

N2

q(ti+1)

STORE RESULT
IN DATA FILE
ON DISK: £, P{t)

(ns)

high puwp vefe

low pPuwp vafe
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Relative threshold Energy of second Pulse

Laser Dyes

%
30+
Coumarin 153
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ADVANTAGES OF DISTRIBUTED FEEDBACK DYE LASERS

1. SIMPLE, RELIABLE, INEXPENSIVE,

2. SINGLE PULSES WITHOUT PULSE SELECTORS.
3.. HIGH SINGLE PULSE ENERGY STABILITY /ﬁ'%[

4. HIGH REPETITION RATE /0-200 PPS, LIMITED BY

THE PUMP SOURCE/.
. CAPABLE OF WORKING IN THE 340-1200 NM

(&

‘RANGE.

6. TRANSFORM LIMITED PULSES.

7. MODE-HOPPING-FREE TUNING OVER 5 NM RANGE.

8. LOWER ASE. HIGHER EFFICIENCY AND BROADER
TUNING RANGE THEN THAT OF THE GRATING
TUNED PULSED DYE LASERS.

9. EASY TO AMPLIFY THE PULSES UP TO 1 MW

10, EASY TO HOME BUILT BOTH THE PUMP AND THE

DYE LASER,






