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Abstract: In the present paper we describe a kpglwver tunable solidtate

dye laser setufhatoffers peak output power up to 800 mW around 575 nm
with excellent longtime power stability and low noise level. The spectral
width of the laser emissiois less than 3 GHz and can be tuned over more
than 30 nm. A nearly circulanode profile is achieved with an fMbetter

than 1.4. The device can be integrated compact hasing (dimensions are

60 x 40 x 20 cnf). The limitation of longtime power stability is mainly
given by photodecomposition of organic dye molecules. These processes
are analyzed in detail via spatially resolved micnaging and
spectroscopic studies.
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1. Introduction

The classical dye laser serves as an ideal light source for many applications. It is a powerful
monochromatic but tunable light source witbod beam parameter¥he operation was
shown in 1970 vth liquid dye laser solutianin continuouswave ¢w) mode [L] as well as an
ultra-short pulsed laser in the fs time regir@g [Today, dye lasers are widely usadainly in
spectroscopic applicatioras well as a device for fundamental resea@h But commercial
liquid dye lasers have one inherent disadvantage for the majority of applicatierrssk of
contamination by the strongly colored solution prevemglementationin a lot of areas of
applications especially in medicine and biologgs well as under cleammom conditions. In
order to overcome this disadvantafiest experiments of solidtate dye lasers were done in
the early1970s[4]. However, it is mainly insufficient power stabilitythat prevents the
practical use of these devices.smbsequenyears it was accepted in general that because of
thermcoptical and photochemical problemsolid-state cw dye laser action cannot be
achieved at all. It is remarkable that more than three diesdater the first solid organic
tunable dye lasehatis able to work ircw modeis presentedd]. In order to achievew laser
action a dyeimpregnated dists slowly rotated. Other developmetdsgethigh output power
andphoto stability(pulsed mod) [6], a quasicw mode of operatiomwith highrepetitionrate
pump laser excitation7], or ASE experiments undew excitation B,9. In 2010cw laser
emission wasachievedwith a metail organic polymer compositeeven without moving the
laser medium10Q].

In this paper a more sophisticated sdidte cw dye laser is introduced. This device shows
both excellent longand shortime power stability This stability is reached even at an output
power up to 800 mW at 575 nm. Moreovby a specially designeldser cavity a nearly
circular modeprofile is achieved with a beam propagation factdietter than 1.4.

The excellent power stability of the presented dye laser prowdeaser output over
hours without remarkable power loss. Detailed investigatioh the photochemical
decomposition of the solved organic dye molecules shows that the power decrease is
ultimately caused by photbleaching and reabsorption of phgimducts. The polymer host
does not influence lontime power stability.

2. Experimental setup

The experimental setup of the new laser device is similar to theirsblid-state dye laser
and is shown ifrig. 1

The laser resonator consists of-anBror folded cavity witha high-reflectormirror (HR),
a fold mirror (FM), and an outputcouping mirror (OC). The HR and FM have a radius of
curvature of 100 mm and 75 mnespectivelyand high reflectivity of mor¢han 99.9% in the
range of 450750 nm for the FM and 55680 nm for the HR. The OC is a flat mirror with a
transmission of 24% andis placed at a distance of 40 cm after the FM. The active gain
medium is a dyémpregnated polymer disc amglplaced between the HR and FM. The motor
M rotates the gain medium with a frequency of B0 Hz. The motor is mounted on a linear
translation stag With this stage the disc is moved during the laser oparatia closed loop
in the X direction. The velocity for this lateral moving is D%5mmminute.
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Fig. 1. Scheme of thiaserresonator witHaserdisk (LD), motor (M), fold mirror (FM), high-

reflection mirror (HR), outputcoupling mirror (OC), optional birefringencefilter (BRF),

pump laser PL), pump laserfocusingmirror (PM), laserbeam (B), and thefolding angle
(20).

PL

In addition to these motorized movementise motor block can be shifte@.g, for
focusing) intheY direction via a handlriven translation stage.

A small aircooled 4.5 Wcw-DPSS laser (Rapidus, Compact Laser Solutions GmbH,
Germany) with a wavelength of 532 nm is usedttes excitation source. The vertically
polarized pumppeam is focused via a small concave pumigor (PM) in the vicinity of the
FM in the polymer disc. The PM hasradius of curvature of 100 mlike the FM a diameter
of 6.3 mm and has the same reflection propertisthe FM. In order to get a good mhatc
betweerthe pump andhedye laser focus volume in the polymer digbe angle betweethe
pump andhedye laser axis is minimized below°10

The surface of the laser disc is tilted by nearly 57° against the laser beam axis to fulfill the
Brewsterangke condition. The resulting astigmatism can be compensated with the FM in this
laser resonator design. The compensation adgiiepends on the thickness of the laser disc
and its effective refraction index. The half anglés calculated according td ]

sin(@)*tan( g=N *% Q)

with

N = (n*-1Vn® 4
n’ '

whered is the thickness of the polymer didcis the focal éngth of the FMandn is the
refractive index of the polymer medium.

In our casethe angleU is approximately &°. In contrast to4], for this experiment we
used a polymer disc with a homogeneous dye distribution over the full bulk thickness of the
disc. The thicknesss significantly larger (3 mm). The outer diameter of the @&s80 mm.
We used perylene orange (Kremer Pigmente, Germany) as the laser dye and PMMA as
polymer host materiaRegardingperylene orangePO), it is known that it is a lasatye with
remarkably high photatability in PMMA and other solid matrice4i 16], and PMMA is
easily able to be machined to obtain good surface and volume homogeneity. In the longer arm
of the cavity an optional birefringeneélter (BRF, from a Coherer99 standingvave dye
laser) can be implemented to tune the laser wavelength.

The complete setup is buibn a breadoard with dimensions of 68 30 cm. When the
alignment of the whole optical part is well done, the OC can be relocated to a new di§tance o
more than 5 meters without a significant decrease in pstability or lower beam quality.



3. Experimental results

Because of the modification in the polymer disc desige expect a lower thermal load,
higher mechanicastability, and better photstablity of the polymer discs in comparison to
[5]. Moreover a slightly higher threshold for the laser operation is expected.

In Fig. &) the absorption spectrum and the fluorescence spectrum of the laser discs are
shown. Figure Zb) shows the tunability sztral range of the polymer laser device. The
absorption spectruris measured with a conventional spectrophotomete32@0, Hitachi).

For measurements of fluorescence emission and the laser sgieetaission characteristics

are analyzed by a spectragh with aspectroscopic CCDCamera (Triax 320 with a
Symphony CCDCamera, Fa. Horiba Jobin Yvon, Germany). Each of the doEsgin2(b)
represents the maximum of a recorded emission spectrum of the laser. One exemplary
spectrum of the laser emission iBow/n in Fig. 2c). The laser lightis coupled in the
spectrometer via a 10 m glass fiber and als@lt small integration sphere. The integration
time for each spectrums 50 ms and the averaged spectral width is lower thanr®Odr 43

GHz for each spetrum. The spectral resolutias checkeddy using a 2400 I/mm grating with

a Neon spectral lamp and appointed to 0.05 nm. No spectral shifts or jitter eHactse
observedduring the integration timeand no significant fluorescence background or a
badkground from amplified spontaneous emission (ASE) in the neighborhood of the laser
emissioncan be observedecause of the spectral limitation of the monochromatéabry
Perotinterferometer (SA210, Thorlabs Ind9 used to analyze the spectral barmtiviof the

laser in detail. A typical spectrum is depictedFig. 2(d). The full widthat half-maximum
(FWHM) of the laser emission is in the range of 2 GHz.
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Fig. 2. (a) Absorption and fluorescence spectrum of the laser disk mai@jialining range
with achievable output power of the polymer lage) typical emission spectrum of the laser
emission (d) laser emission spectrum measured with a scanningifRdngtinterferometer



In Fig. 3the inputoutput characteristics of the enhancedpolymer bser with a PO laser
disc is shown. In comparison t6][ the laser threshold is increased from 500 mW to 1.2 W.
However,the slope efficiency is significantly increased. Above the threshold the efficiency
increases from 2% with Rhodamine 6G to nearly 26%PO. Saturation effects are not
detectable up to the maximum pump power of 4.5 W. The maximum reached outpuigpower
more than 800 mW at 576 nm with a PO disc without an implemented BRF and S#th
transmission of the OC. The threshold can be redtecagproximately 0.65 W when using an
OC with less than 0.1% transmission. But this decreases the slope efficiency by a factor of 30.
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Fig. 3. Inputoutput characteristic of the polymer laser with different transmission of the output
coupling mirror (OC)

Figure 4a) shows the time evolution of the output power without an implemented BRF.
The blue curve inFig. 4(@ shows that after 1 hour the output power decreases by
approximately 40% from 800 mW to 500 mW with a constant pyoper of 4.5 W
(maximal paver of the pump laser). The overlapped periodical fluctuation in the power signal
is caused by the perpendicular movement of the laser disc meditira ¥hdirection. The
laser cavity is optimized for the disc at maximal X elongation. Thereffoedasempower has
local maxima at these positiofisee Fig. 4a) local maxima at the blue liheThe linear
translation toward the minimal X elongation leads to a smooth decrease of laser output
because of small cavity misalignments. Close to the inner reveiisalthe local minima are
nearly reached. At the inner reversal ppitie movement stops for a short time. At this
position the disc is strongly stressechd the laser power drops significanfseeFig. 4(a)
notched local minima of the blue lihd-or asimilar reasonnotched local minima occur close
to the local maxima at the outer reversal point. The velocity of this movement is 1.25
mm/min. No active power stabilization elements or passive feedback controls are
implemented in this case. The red cust®ws the result with the use of a simple PD power
stabilization. The pummpower is decreased to a setpoint of outpatver of 300 mWw.
Deviations from this valuarecompensated with regulations of the pupgwer of the pump
laser device. For a period @fhour, significant deviations causing the phategralation of
the polymer disc can bmompensatedThe regulation frequency is 2 Hz and is limited by the
relatively large time constant of the pur@ser device. For this measurement the translation
speedn the X direction is increased to 2.5 mm/min. After 45 min. the plodé@aching of the
dye at the inner diameter of the laser disc cannot be fully compensated hibedasdback
loop is overloaded and the periodical fluctuation becomes noticeable.
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Fig. 4. (a) Longtime power stabilityblue line with a constargump power of 4.5 W red line
with regulated outpypower of the polymelaser.(b) Shorttime power stability of the polymer
laser black is the laser signaled a trigger signal, which indites the angular position of the
polymerdisc

The resuiing shorttime power fluctuation of the laser intensity is showrrig. 4b). The
signal shows the intensity dependence to the angular position on the polymer disc. Only the
rotation speed of the ppher disc is regulated and stabilized with a control circuit. This motor
signal (red) is used as a trigger to detect the ghoe intensity fluctuations. One complete
rotation period of the polymer disc is shown. With a veeljusted laser resonafdt is
possible to decrease the shibme intensity fluctuations down to 10% (petkpeak) of the
average power, regardless of the strong intensity spikes. These spikes come from micro air
bubbles, dust particlesand/or micro scratches in and on the disdeamal and surfaces
respectively. The scratches can be reduced by carefully polishing the surfaces. The surface
quality must be better thaa/ 4 over the whole surface diameter.
particles inside the polymer material are still an unsolved problem. Another point is the plane
parallelism of the polymer discs. A deviation of the thickngfsmore than 50 pum over the
full diameter (80 mm) causes a higher noise level or stronger intensity fluctuations. The
wedge angle of the polymer disc is checked via a Houile shearing interferometel f]. The
wedge angle is estimatedibelow 0.5 mrad.

Figure Ha) shows the intensity beamggile of the laser beam at a distance of 50 cm after
the OC. The diameter of the resulting beam is 1.5 mm at a distance of 50 cm and 2.5 mm at a
distance of 150 cpnrespectively. The beam profils measured with an industrial CMOS
camera (BLIZZARD60-U2, Photon Focus AG) with 748 400 pixels and 10.& 10.6 pm
pixel size. To adjust the intensity of the beam profile imagesy glass filters (A. Schott)



are used. The intensity plté an average of 255 images. The shape is very similar to a single
Gausian mode beam and has an ellipticity ratio close to 0.926. The beam divergence angle is
1 mrad.
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Fig. 5. (a) Intensity beam profile of the laser beam in 50 cm distance of the -@otppier
(OCY); (b) square of the beam radius in the near of a focus

From the single images of this time seri¢se pointing stability can be derived to <35

erad over the image sequence time of % seconds.

[18], the laser bears focused to the camera chip with a 120 mm achromaticTélescamera

is independently mounted from this lens on a scanning stage and the focus range of the laser
beam is scanned. At different displacement posititvesbeam diameter is calculatédgure

5(b) shows the dependency of the square of this beametiéairl = 2*¥) versus the camera
displacement. The black curve with the red crosses shows the measurement values. The
resulted curve can be described with][

d’°=A #B*z €* 7 (2)

whered? is the square of the beam diameteis the displacement of the caragand A, B,
and C areexperimental fit parameters. For this measurendeist 1.09*10% B is 3.68*10,
andC is 9.56*10°. The result is the red curve Fig. 5b). The divergence anglé; for this
focus is given by

g, =\C 3)



andthe waist diametedl, of this focuss

82
d,=.]A —. (4)
° AC
With these values the beam parameter product M given by
MZZdO*qf* p (5)
4%/

with the laser wavelength= 575 nm. With the resulting valués B, andC, the divergence
angle U; = 9.78 mrad and the beam waist radius at this foags= 103 um the beam
parameter product flamounts to 1.38.

4. Theory and discussion

A mathematical expression for the laser threshold pump power flux B in photons f)(&5tm
a longitudinal pmped laser is given ifq. (6)[20]:

_e&( )*c" dy-log@ -Ly.) | N,
eSE 2* t K G dak) ’

with U ()&= extinction coefficient for the active medium at the laser wavelemagtin
I/(mol*cm), c = laser dye concentration in mold,; = thickness of the active laser medium in

cm, Lges= concentration independent loss per round trip in the resotiggord= coefficient

of the stimulated emission at in (I/mol*cm), Ny = Avogadro constant)= lifetime of the

upper laser leveland A(c, dy) = absorption of the pump light inehlaser medium. For a
given concentration and thin polymer discs, the fadit#(c, dy) becomes dominant. It
decreases the threshold pump intensity flux with an increasing dye concentration. But at
higher concentrations the factdt ()'®*d .. (reabsorgbn term) becomes more and more
dominant. The absorption cannot overcome the unity. This factor increases the threshold
pump flux B by an increasing ofl, . For a given resonator design together with a -well
chosen dygthere can be found a minimum in thecessary pump flux rate. For common dye
lasers typical values are 80P80% of absorption at the pump laser wavelengfh. [

Figure §a) shows the absorption spectrum of the laser disc before and after 4 hours of
laser operation. The start absorbance W®as in 3 mm which is equivalent to a dye
concentration of approximately®D * M. Because of photbleaching the absorption band is
decreased. It is remarkable that after operation no additional absorption in the laser region is
measured. Thisisdemonsat ed by t h e Figp6@ap ThDs the gphota prdducts of
the irreversible bleached dye molecules are not disturbing the laser process. Only below 560
nmdoesa weak absorption emerge.

In order to analyze the photo degradation effects in moreil,detanfocal phote
luminescence analysis is performé&ijure §b) shows such a crosection of a cut through a
photodegraded polymer disc measured with a confocal fluorescence microscope (TE 300
with PCM 2000 confocal head, Fa. Nikon GmbH). The flucgase intensity is proportional
to the remaining dye concentration. On the left side of the image an unmodified part of the
polymer disc is shown. On the right side the irradiated part of the disc is shown. The pump
laser illuminates the disc during the dasvork from the bottom. A sharp edge betwees th
two parts can be seen. The disc is bleached continuously from the bottom surface, whereas
from the other surface side the dye concentration remains nearly untouched.

The thickness of the bleached regiorlismm. This corresponds directly to the geometry
of the pump focus. The pump laser beam hageaadius o) of 1 mm ate= 532 nm (and 1

B (6)



mrad divergence angle). The beam is focused with a concave mirror with 100 mm radius of
curvature or focal lengtfpy, = 50 mm.

— AOD

0 h laser operation (O.D) O
4 h laser operation (0.D.) |1 8 2
£

2

O

109 <

-04 - | R L L 0
450 500 550 600 650
a) Wavelength A [nm] —=

o
>
=
S
©
=
2
@
c
o
2
£

b)

Fig. 6. (a) Differential optical density spectrum after 4 hours la@i®rfluorescence inteity
image of a sawed polymer djdeft, unmodified part of the disaight, bleached part of the
disc pump laser irritation comes from bottom

The waist radius of the pump focus)in the gain medium is given by

/*f
= )

P ¥

For this @se the waist radius of the pump laser is in the order of 9 um. The Rayleigh
lengthz of this pump focus is given withq. (8)
P W

/

to z = 0.5 mm. The confocal parametetb = 2*z) is approximately 1 mm.

Wi

z, ®)



For this reason, thehpto destruction results in a loss of output power, aisbin a
reduced effective thickness for the reabsorption terBqin(6) This effect reduces the loss in
output power for a certain manner. When the face of the polymer disc is switched to the
revase side (from the view of the pump beam)recovery of 30% of the output power is
observed. During the laser operation a small recovery of the output power can be observed
when moving the polymer disc together with the motor in Y direction, likefacusing
mechanism. This compensates moderétaiyhe photebleaching process.

The used concentration and thickness together give a good compromise in threshold,
output efficiency and longtime stability at the starting point. The high concentration
guaranges that ovealong time the concentration is high enough to hold on the laser process.
The thermal effects are not uncontrollable in this configurationontrast to §]. In the new
setup the thermal loaid deposited into @olume 10 times larger. Thaithe heat capacity and
the focal length of the cylindrical thermal lens are increased. The disc rotation frequency is
selected such that the thermal lens does not disturb the resonator stability at all. In comparison
to [5], in the present setup a stakldser action up to 4.5 W pump power is provided.

5. Conclusion and outlook

In this papera solid statecw organic dye laser is presented. A first demonstrator setup is
shown inFig. 7, whose optical setup is nearly identical with the breadboard setapa3ér is
optically pumped by a frequency doubled Nd:Viader. The pump laser is integrated in the
laser housing (dimensions 6040 x 20 cn?). The system is microontroller controlled and
provides all security features for use in laboratories as weétl eorkshops.

For the first time the features @af solid-state cw organic dye laser are adequate for
practical use. The resulting beam parameters, digergence angle, intensity profiland
spectral characteristics are investigated. The new devisesghoth excellent longand short
time power stability. This stability is reached even at an output power up to 800 mW at 575
nm. The excellent power stability of the presented dye laser progwldaser output over
hours without remarkable power lossolover a nearly circular moderofile is achieved
with an M better than 1.4 by using a specially designed laser cavity. The high patpet, a
broad spectral tuning range (>30 nm around 575 ang a spectral width < 3 GHz as well as
a remarkaly goad beam profile make the features of the new laser comparable or even better
than commercial liquid dye lasers.



Fig. 7. Photography of the laser within the laser housing including the-fas®pduring laser
operation.

Because of the soligtate laser medm, the new laser provides no contamination risks
and can be used in medical and biological labs as well as in clean rooms.sBhside
integrated construction, the solid condition of the active medium is the most important
advantage in comparison to comroial cw dye lasers. It should also be noticed that a change
of the active medium igasly possible and can be done in less than one minute. For that
purpose no cleaning process is required at all.

The used organic dye is a member of the class of peryiesiecules. It is known that
members of this chemical class have inherent extraordinary photo stability and a fluorescence
guantum vyield close tanity. In addition by modification of the molecular structyrthe
absorption and fluorescence and therethieetuning range for laser emission can be moved
from 400 to 800 nm. By the use of different perylene ditesan be expected that tunable
laser emission over the whole visible spectral range can be obtained. Moteeveming
range should be extendabto the near infrared. These exceptions are underlined by the
detailed investigation of the photochemical decomposition of the solved dye molecules. It is
shown that power decrease is finally caused by pbteaching and reabsorption of photo
productsThe polymer host does not influence the ktimge power stability.
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