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Lecture Notes

CENERATION OF ULTRASHORT PULSES WITH
DISTRIBUTED FEEDBACK PYE LASERS

Alexahder Mueller
Max-Planck-Institut fver Bicrhvsikalische Chemie
Am Fassbarssr D-3409 Goettinsen

The conventional laser arransemeni consists of thrae main elements:
{1) active medium» (2) ortical resonator and (3) rumes source.

Commonly the resonator is formed by two {or more) end mirrors rrovidins

the feedback necessary for oscillation.

In 1971 Koselnik and Shank rrorosed a different arransement
in which the feadback mechanism is distributed throusheut the
ain medium and intesrated with it. In this arransement the
feedback mechanism is erovided by Br a 3 s s catterins
from a periodic sratial variation of the refractive index of the

sain mediumy or of the sain itself.

The term "Brasy scatierins’ or "Brass reflection” orisinates from
the field of X-rav diffraction but the rhenomenon is not restricted
to this wavelength ranse. It can be observed as well with visible lisht
or quen with sound waves, We consider a 1 aminated
s r atins which consists of eauidistanty rartially transmittins
reflective lavers. A coherent lisht beam is comins from the left side
and is rartially reflected from each laver. In order to determine
the directions into which maximum intensity is reflected» we can
estimate the rath difference for two ravs. Maxima (or minima) in

the intensity of the reflected (or transmitted) wave occur when the

condition A n . 5y 2 m- A
is satisfied, This relationshir is called Br a 9 5 ' s 1 a w.
Were m = interference order.
For normal incidence (¥= 98°) we hava!
2nlh = wm A

In order to make a DFDL we have to induce a reriodic spatial
variation of the refractive index n or the sain constant of of tha
laser mediums M(T)as N+ N, COHKE
W (2 =ol+ oy CRKR
z is measured alons the ortic axis and b= Z“YQ&
Ais the reriod or frinse sracins of the sratial modulations and

W, and &, are its amplitudes. A DFDL structure of this kind will then

oscillate at a wavelensth )i determined by the relationshir:?
N=2ZnA

There are several wavs to ererare 3 laser medium of this sort. The first
;xreriments of Koselnik and Shank used a s el a tin film on
a slass substrate. The selatin was dichromated and exrosed to the
interference pattern produced by two coherant UV beams of a helium-
Cadmium laser. The frinse sracing in the szlatin was

about A =03

After exrosure the selatin was develored (usins technisues well-known
in holosrarhy) resultins in a sratial modulation of the substrate
densitv. The develored selatin was then immersed in a solution of
rhodamine &G to make the dve repetrate into the rorous
selatin laver. After drvins the resulting DFDL structure was rumred
with JV radiation from a nitrosen laser. At rumr rower densities

©
> 4D sz laser oscillation was observed at a wavelensth }:faﬁﬂnn.

The linawidth was AA < 8.5 A (instrument limited).
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When a uni form selatin laver dved with rhodamine 6C was
rumred in the same warr stimulated emission was observad at

l{.' 599 nm with a line width of 4A = 58 %, Obviouslys in the first
case there {s considerable line narrowins due to the distributed

feedback effect.

The observed bahavior is due to the fact that two counterrunning

waves are propasating in the reriodic structure which are courled

to each other (Fis.1), The electric field can be exeressed in the form:

£(2) = R@). exp (—JK?/Z) + S(?)'ei,ﬂ(é.“?/l)
where z is the direction of rrorasations and R and S are comrlex
amrlitudes,

The bpundarv conditions are: R(-L/2) = S{L/2) = @

At the endfaces of the device a wave starts with zero amrlitude,
It receives its initial enersy throush feedback from the other
wave. The waves srow in the rresence of sain and feed enersvy into
each other due to the sratial modulation of n orad .

You can als look at this in the followins wav: the two counter-
rrorasating waves of eaual wavelensth surerimeose in the rasion
of the interference rattarn to form a standins wave which has

its maxima coincident with the interference maxima., There the
inversion of the active medium has a hish value and the sain is
correrondinsly hish. The knots of the stindins wave arer on the
other handp.coincident with the interference minima. A standina
wave of different wavelensth would not be amerlified in an ortimal way
becausa its maxima would not alwavs coincide with the resions of
hishest inversion. Thus: a monochromatic wave is erroduced

in this structurae,

A DFDL structure consistins of a laser dve embedded in some
polymeric matrix has the sreat disadvantase that it does not functien
for a vervy lons reriod of time because all orsanic dves are more or
less wwickly desraded by rhotochemical processes and in the risid
patrix they cannot be rerlenished. [t is rather much more rractical
to use instead a dvy e in solution as the laser medivm
and to induce the raeriodic sain and refractive index variation by
formins an interference rattern of the rume lisht on the surface of
the dve cell (Fis.2).

The seraration 1\ of two interference maxima in this case is:

e
2.5 0

1\9 = rume wavelensth

[f we combine this with the Brass condition for feedback: :M_‘ 2'"1\

we obtain:

e Ap
A= s O

The DFDL cutrut wavelensth deepends on the refractive index of the
dvyae solution ny the anale of incidence © of the rume lisht and the
sumping wavelensth 7».

Since for any chosen rumeins source 1r=const.; one could either
vary n or & for tunins the wavelensth of the DFDL. But before we

have a closer look atl tunins let us consider still ancother arransement.

When vou look at the next fisure (Fis.3rleft)r vou will observe that
ravs from different parts of the pume beam are not combinins with
themselves to sroduce the interference rattern on the dve cell. That
means low spatial coherence of the rume beam will resvlti in bad frinse
visibility V2

V‘ I--nt-y.- l-lnn-‘-

e

oy t r—--'-u
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In order to improve this situation (which is pecessary rarticularly in
the case of nitrosen laser rumeing) Zs. Bor (1979) rrorosed a scheme
of the followins kind (Fis.3rrisht)) in which a holosrarhic srating is
used in rlace of the beam srlitter.

From the sratins equation we have for of (Fis.4):

d = srpacins of the sratins (mm/sroove)
m = 1 (first order of diffraction assumed)
For the seraration of the interference frinses we had obtained earlier:
A e
2 50

Now consider the srecial case that the two mirrors are rarallels i.a.

A =d/z
and 1\1 = r1~c1

o =0, In this case it follows

Because the frinse seraration turns out to be inderendent on the pume
wavelensth in this case each srectiral comeonent of the pump N laser
creates an interference rattern with the same j\ « Therefore, we call

this an a¢chromatic arransement.

Additiconallyr if the followins seometric relationshir is satisfied:

for @ach roint of the dve cell surface the two interferins beaams have
been diffracted from the same roint on the sratins. Thus it is

tossible with this arransement to obtain sood visibility of the

_6-
frinses even with a nitrosen laser which has low sratial coherence.
Note that neither of this iwo erorerties could have been obtained

with the arransement usins a beam seplitter in rlace of the sratins!

The srating arransement with rarallel mirrors can be set v in a
tarticularly comract forms which has the advantases of simelicity
stability and ease of alisnment (Fis.5). The mirrors are rerlaced
by total internal reflections from the auartz-air interfaces of the

avartz block. The next three slides show this device in oreration.

I will now turn to the methods which can be used to tune the
wavelensth of the DFDL:
(1) Variation of the refractive index n of the dve solution:
(1.1) Various solvents with different indices n or mixtures of
solvents (Fis.é and 7).
{1.2) Pressure derendence of index n (Fis.8)¢
The pressure derendence of n is contained in the Lorentz-

Lorentz formula for the molar refraction:

Peod M - e(P) - 4/795
Mo opte2 < 8 _f( . S’(:DP v Cotes?,

Medbauel Hger = A4« Ao ¥ adu
Hlo 5. 40‘-5

Due to the low comrressibility of livuids
the tunins ranse is fairly small. For Pmax ®=188 bar the

wavelensth shift is only A}L ~ 18 - 20 A

(2) Another war to tune the DFDL is by chansins the ansle of incidence
which can be achieved by rotatins the two mirrors in orrosite
directions by an ansle d‘ about a vertical axis (Fis.?). In this

way the frinse sararation is chansad:

Ap
2 -5 (08)



0f course the achromatic rrorerty is lost in this case.

The lasing wavelensth as a function of J‘ is siven bvy?

ne. Ap
A= -
sah[thsd.(%gi) -2.d4]
On this basis we have recently constructed a DFDL which is continuously
tunable by a comruter (Fis,18). The dve cell is kert stationary.
The rotatins mirrors and the sratins are on the translation table
which assures that the interference rattern remains on the dve cel]
surface when the ansle of incidence is chansed.
The next fisure (Fis.11) shows tunins curves obtained with four

different dves.

(3) It is even rossible to orerate the DFBL in the UV and blue
sreciral ranse where the synchronously mode-locked cw dve laser
does not vet work (Fis.12). For this rurrose one has to use second
order Brass reflection:

)L_ ZHA

]
L ad |

-rof'm'2 N ’l‘_: H-A

for rarallel mirrors:

A=i ) )_:H-ol

£ 2

Let us now have a look at the temroral behavior of the DFDL.
We write down the followins set of rate esuations:
1) Rate of rorulation of the urrer laser level:

p=alt)y o = «(L)y Ir = Ip(t)

dﬂ‘ r‘ - e

Pume lisht absorstion stimvlated emission srontaneous emission

here 7= vefrachin fudky n

2) Photon flux:

L

Te = oy
dg . (6e-Ga) & 9 + 2 n
dt iz " q' Te T

stimulated emission "resonator loss"” amrlified sroni. emission

(A S EY

Absorrtion from the uerer laser level (S1) to hisher excited sinslet
states (S1 -> Sn) is an imrortant loss rrocess in dve lasers that are
rpumped by short laser pulses. Its contribution is taken into account
by includins G:_v which is imelicitelv also contained in ¢ (see

below!}.

The sracial features of distributed feedback are introduced with the
term 1; . In conventional lasers it describes the (constant) resonator
losses. In our case a more seneral definition must be vsed since there

is no external resonator in a DFDL:

Total number of shotons OQutrut loss

ft~ S

< Rate of rhoton loss

— Internal absoretion

or scatterins loss
side outrut loss

The eaquivalent cavity decay time can be shown to be:

Ld 2
(6 - Z’c.'lr" [a (2]

we consider only the sain modulation by rumeins: becavse it was found
that the refractive index modulation makes a neslisible contribution.

The amrlitude of the seratial modulation of the sain is:?
o6, (1) = (§,~Gy) .V n(D)

Vigibility of frinses
Avarase rorulation of S1

<
[

P



So we obtain finallr

3
T, () - I%Lr?a [ Gi-e) V]

This svystem of courled rate eqvations can be solved on a small disital
comruter usins a Runse-Kutta procedure of fourth order.

The avantity which is usvally most interestins is the outrut sower of

the DFDL: .4 b ?(f) e b
R = 5 5 ’QCO'LQ

A= HCH'Gr) renetration desth of the rume lisht

Now we can comrare the time courses of Irs Tc and Pout (Fis.13).

The diasram shows that % has a stronsly non-linear time derendence
which sives rise to retaxation oscillations of the outeut. Their

number derends on the rumrins rate. As I will shows the rulses

which are senerated are of extremely short duration.

If Pout is rlotited on a losarithmical scale asainst time one can

sea nicely that the intensity is chansins over manvy orJers of masnitude

between the individual esulses (Fis.14),

In order to find out whether the system of courled rate equations
is a sood mode] of the real DFDL we have comrared results of the model
comrutations with outsut pulses recorded uiih 4 streak camera svstem
(Fis.15). The asreement is indeed remarkably sood.

A rarticular condition exists just balow the threshold of the

second rulse. Here we have a stable s i n s 1 e wultrashort rulse

- & rrorerty of the DFDL which is very usefuls and auite an advantase
in comrarison to mode-locked lasers where sinsle rulse selection

has to be emrloved usins electroostic methods.

-l”-
One can now eroceed to wary thclbarious rarameters of the equvations
and comrare theoretical and exererimental results avantitatively.

Come examrles are shown in the followins fisures (Fis.14:17).

Instead of temroral relationshiss one can just as well comeare the
enersies of the s i n s 1 e rulses {cf. definition siven sarlier!)
(Fis.18) with the computational results.

Since the fluorescence lifetime of the Laser dre occurs in the rate
eavations one can iry te chamse it by addins suenchers to the dve

solutions e.». rotassium iodide KI (Fis.19). Accordins to tha

Stern-Volmer law: q,
-]

“To
&il- :E:‘ x A+ k%-(f

fluorescance avantum vield without syencher

= " " " with auencher

fluorescence lifetime without suancher

A AE S

= " " with suencher

K? = 68 1/mol = auenchins constant

¢ = (ueuchev Coucenfbration
Finallvy one can measure the outrut enersy of the DFDL as a function
of rume power and comrare it with the compuled results (Fis.z@) s

as%ain notins that the asreement is vervy sood.

The sinsle eulse condition is satisfied when the DFDL is rumeed
about 15% above its threshold. For the comsuter controlied DFDL.
which 1 eresented earlier in this lecturer we have measured the
sinsle rulse condition as a function of outrut wavelensth (Fis.21).
As a rractical wav to obtain sinsle rulses we sussest the followins
rroceduret First insert a nevtral density filter with & transmission

of 83% into the rume beam. Reduca the rumr intensity until lasins
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of the DFDL stors and then remove the filter. Under these conditions

sinsle rulses will be senerated most of the time.

As the fisures show the duration of the sinsle rulses is about

56 - 192 rs when a nitrosen laser havins a rulse duration of 3 ns is
used as the rume source. For manvy arelications it would be desirable
to senerate rulses of shorter duration. If we lock asain at the rate
eavationsy we see that they contain the time-derendent rumrins

term Ir{t). Solvins them for pump pulses of shorter duration ther
rredict a shortenins of the outrut rulses. So we tried to construct
"sump lasers (Fis.22) which would rroduce shorter rulses than the

ones senerated by the low pressure nitrosen laser used so far.

The slectrodes of the TEA-NZ-lasers were connected to folded rarallel
rlate Bluemlein lines which were switched by a hvdrosen thyratron.

A tolescore (M = 9) inserted between oscillator and amelifier raeduced
the horizontal diversence of thes TEA-laser to abouil 1.5 mrad.

The dve bis-MSE was used as saturable absorber in the focal rlane of
the telescore. Reratition rate was 12 ers and 8.5 mJ were needed to

rumr the DFDL.

The relaxation oscillations obtained with the rate eavation model

are asain observed exrerimentally. Uron lowerins of the rumr intensity
one sets sinsle erulses as before (Fis.23), Sor the model is well
suited to describe DFDL behavior even under the conditions of variable
rulse duration.

The next slide summarizes our results (Fis.24),

Each roint is an averase of 2@ laser shots. The rrediction of the rate
esvation model is obviously correct: Shorter rume rulses resuvlt in
shortar ovutrut rulses!

From this diasram one would exrect that the DFDL ic carable of

_lz_

producins rulses as short as a few ricoseconds. It isy however:

obuious that the vitimate limit of rulse duration will be about one half

of the tramsit time of lisht throush the DFDL. Therefore, we decreased
the lensth of the DFDL to Zmm when we used the 8.7 ns rumring rulse.
This fisure (Fis.2™ shows the measured pulse shape, The rulse hase
indeedr a duration of only & rs (FWHM).

The enersy of the sinsle rulse was about 49 nJy corresronding to a

reak rower of about 7 kW,

Our results show that the DFDL rulses are about 56 times shorter
than the sume pulses. Sor in order to find out how short arve the
shortest sulses we can rroducer we have used rulses of 16 rs duration
from a mode-locked NdtYAG laser for sumrins the DFDL.

This fisure sresents an outline of our setur (Fis.26). The DFDL
otcillator and the first amelifier stase are sumred with the third
harmonic {3%2 nm) while the sacond amrlifier stase is erumred with the
sacond harmonic (538 nm) of the Nd:YAG laser. Since the rulses
senerated are too short to be measured with our streak cameray we

have used a second order autocorrelation method to determine the

rulse duration. The sractra of the sulses were measured simultaneously
usins a srating serectrosrarh.

We have plotted here (Fis.27) the recierocials of the measured

serectral widths {174V ) asainst the measured rulse durations. The

exrerimental points lie avite well on a straisht line drawn for At-av=0Md

which is the time-bandwidth sroduct of transform-limited pulses
hauins a near-Gaussian share as siven br our model.

These are obuiocusly the shortest rulses one can senerate with a
DFDL of the kind which we have used so fary their duration beins

limited by tha transit time of lisht throush the DFDL.
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Before I proceed to a novel exrerimental scheme allowins to shorten
the outrut rulses of a DFDL even furthers ! fhould like Lo discuss
a4 method of rroducins ricosecond rulseas of h i s h e r rower.
As vou have saeny the DFDL is carable of eroducing sinsle rulses as
lons as one limits the rums rower to a ranse which is below the
threshold of the second rulse. It follows necessarily that the outrut
enersy cannot exceed a certain maximum value. Furthermores outrut
enersy and rulse duration are subject to fluctuations if the rume
laser is not workins with constant outrut within narrow timits,

The next fisure (Fis.Z8) rresents a wary to elude this limitation.

About 58X of the rumring beam are used to excite the DFDL hish
aboue thrasheld so that multirle pulses are senerated. The remaining
30% are vtilized to rumr a second dve laser which is no t a
DFDL and erroduces a lons rulse. This laser serves as a “auenchins
laser”, The outrut of the auenchins laser is injected inte the DFDL
under a small ansle of 7-19 mrad via an ortical delay line. The
delav has to be adiusted in such a wavy that the suanchins prulse
will arrive in the active resion of the DFDL just after the first
DFDL rulse has been formed. The avenchins rulse which is alse
amplified reduces the sain in the DFDL by usins ur the siored
enersy. If the enesrsv of the auenchins rulse was sufficiently
hish it will sureress further DFDL outsut for the remainins duration
of the sume pulse, Thus, even thoush the DFDL was rumped in the
multirle rulse resimer only o n e DFDL outrut rulse is senerated
and all the other rulses are auenched. As vou can see on the fisure,
the DFDL and the auenchins pulses can be serarated easily in
srace orticalliy. The next fisure (Fis.29) shows what is sained
by usins this method. The outrut enersy of the sinsle DFDL sulse

can b increased by more than a factor of two and the rulse duration
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can be decreased to less than half as comrared to a DFDL without
rvenching workins in the sinsle rulse resime. There is an additional
advantase in usins this method. Because the slores of the enersy
and the temroral characteristics are both decreasins for.hi:hcr PuUne

enersies this will serve to stabilize the outrul rower of the DFDL.

FPeak rower of rulses senerated in this way wias of the order of
38 kW. The beam diversence was about 19 mrad and a tvyrical rulse
duration was 17 rs at & wavelensth of 388 nd usins a nitrosen laser

as Pumr source and BiBuQ as laser dve (Fis.39).

The erincirle of auenched resonator transients which I have Jjust
described is not limited to DFDLs buts rathers can be used with normal
dve lasers as well. Heres it can be vtilized for Pulse tailorins
in order to make the rather lons outrut sulses of an excimer laser
suitable for use as a DFDL rumriny source, Exameles for this kind
of arrlication can be found in the literature cited at the end

of these lecture notes.

For the rest of this lecture 1 will return to the rroblem of

rroducins the shortest rulses rossible with a DFDL. For this rurrose

. 1 have to intreduce the concert of travellins wave rumping of a dve

laser,

When we take an vltraviclet laser rulse ofs says 5 rs duration
and seread it ortically in one dimension with a cvlindrical telescore
(Fis.31) then this rulse will travel as a narrow ratch of lisht which
is A{r-c, a 45  mm thick. When we now Put a diffraction
srating  into this lisht rath it will diffract the beam into i new
direction. Therebys 2ach partial beam suffers a certain delavy with

resrect to its neishbor. If we flluminate N srooves of the
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sratins the total delav introduced between the risht and the left
edse of the beam will amount to N 115 because each
sroove will rroduce a delav of hp .
As vou can seer the patch of lisht is now tilted at an ansle
asainst the direction in which the beam proceeds. Usins a
cvlindrical lens set rerrendicular to the beam we can now focus the
rulse onto a dye cell. The risht edse of the beam will reach the cell
first at its rear rart and excite srontaneous fluorescences while the
left eadse arrives with a time delay Af = A Ar/c,
at the front rart of the cell. In this wavy the roint of hishest
excitation is movins with a seeed Y- Lyﬂdi -
in the cell. L beins the lensth of the cell. A fraction of the
initially excited srontaneous fluorescence movins in the direction
of the travellins excitation will underso ortimal amelification
alons the excited volume if its sreed of prorasation v’ matches
the sreed v of the travellins excitins waver so it will rass
throush a volume element at Lhe moment of maximum éxcitation. The
sreed of lisht in the dre solution is V= Co/n

when it has a refrattive index n.

Thusy the twn svends will be matchedy i.e. v = v'y if n = -”—l':&’- IJ’Y
This condition can be satisfied easily by rrorer choice of the

sratin® and the ansle of incidence of the rumring beam on it.

The weak srontanecus emission startins at the end of the cell

will emerse ai the front end as a stronsy well collimated beam.

As one can show: the sain over the path lensth L can reach very

hish values of the order of AO%

The time duration of the sulses senerated in this way derends

on the rise time of the sume srulse and on the rumring intensity

-.16_
(Fis.32). We could even achieve & shortenins of the outrut sulse
to about one half the duration of the rume rulsey which was 12 rs

in the axamrle shown.

It is now rossible to arrly the same excitation scheme to
a DFDL. The experimental arransement is shown in the next slide
(F19.33). An excimer-dve-laser-oscillator-amrelifier svstem
which is not shown serves to senerate rume rulses of Srs duration
at 308 am. A holosrarhic sratiny (G1) of 2442 lines/mm workins in

first order of diffraction is used to rroduce a continuous

sratial delay across the diffracted beamr analosous to the

rrevious arransemant. This beam enters the avartz block DFDL,

where it is srlit into two beams corresrondins to the +1 and

-1 arders of the second holosrashic sratins (G2) (2442 liﬁcsluh).
After total internal reflection at the sides of the avartz block
the two beams are recombined on the surface of the dve cell

where a diffraction rattern is formed such that the sosition of the
frinses is stationarys while their envelore moves from left

V. Co/ g ¥

to risht with a velocity

whare ¢, is the sreed of lisht in vacuum and b’ is the ansle
between the prulse front and the normal teo the wave-vector.
In order to test the velecity matchins condfition

o - B’
we varied the refractive index of the soluent mixture rather
than chansing &f which would have resvired a total realisnment
of the DFDL. As the next slide (Fis.34) showsy the width of the
DFDL outerut rulse decreases at first from about S rs to some
minimum uidtﬁ and then increases asain to about & rs as the

refractive index is varied by chansina the srorortion of
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. fractive index for which the shortest
methanol to DMSO. The refra i teratures

rulse is observed corresronds to the condition {;af Z ne

while for 433’# n  the pulses are broadened. The duration of

the shortest sulse is not resclved by our streak camera. 1) C.¥.Shankr J.E.Biorkholm and H.Koselnik:
8 Tunable Distributed-Feedback Dve Laser

On account of the observed srectral width of about 4 Arrl. Phys. Lett. [18)y 395 (1971)

we concludedr however, that the rulse duration is less than 1 rs. 2) Zs.Bor:

Tunable Picosecond Pulse Generation by an N2 Laser )
Pumred Self Q-Switched Sistributed Feedback Dve Laser

The rume enersy was kert constant durins the whole exreriment IEEE J. Quant. Electron. QE-14), 517 (1980)
and corresronded tco twenir times the threshold sume enersy of 3) Zs.Bor:
A Novel Pumrins Arransement for Tunable Sinsle Picosecond
the DFDL. A standins wave DFBL rumped by the same sulses Pulse Generation with a NZ Laser Pumeed Distributed Feedback
Dve Laser
showed multirle-rulsing already at a rumr enersy exceedins Ort. Commun. (291 183 (1979)
the DFDL threshold only by four times: while the travellins wave 4) Zs.Bors A.Mueller) B.Racz and F.P.Schaefert
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