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ABSTRACT The output characteristics of a high repetition rate
pulsed dye laser has both short-term fluctuations and long-term
drift. In high power high repetition rate lasers flow induced vari-
ations dominate over those due to other factors. In this paper
it is shown by dye laser measurements that bandwidth fluctu-
ations can be traced to the effective changes of the resonator
dispersion due to fluctuations in the penetration depth of the
pump beam in the dye medium. Short-term wavelength fluctu-
ations can be traced to instantaneous deflection of the dye laser
axis by the refractive index changes due to absorption of the
pump beam. The fluctuations in both the bandwidth and the
wavelength decreases with increasing flow rates within a lami-
nar region. A copper vapor laser operating at 5.6 kHz repetition
rate pumped the Rhodamine 6G dye laser used. The wavelength
fluctuation of ±0.0035, 0.0030, 0.0004 nm and the bandwidth
fluctuation of ±710, 132, 45 MHz over approx. 60 minutes were
observed at 1.2, 3.7, 5.5 lpm flow rates respectively.
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1 Introduction

Pulsed dye lasers suffer from pulse to pulse vari-
ations in wavelength and bandwidth that seriously affect
rea1ization of their full potential as narrowband tunable
source in many applications. The problem is compounded
in high repetition rate, high power dye laser oscillators due
to high flow velocities of the medium through the dye laser
axis. It is known that the bandwidth of a dye laser depends
on the dye flow velocity [1]. The higher the flow velocity,
the higher the bandwidth. Since, the dispersion of the grat-
ing depends on the divergence of the radiation falling on it,
the bandwidth also depends on the dye source size [2]. The
source size, in turn, depends on the depth of penetration of
the pump laser pulse in the dye medium [2]. Pulse to-pulse
and intra pulse variations of pump beam flux, due to evolving
intensity and divergence, can therefore cause fluctuations in
the bandwidth. Pump beam induced thermal gradients in the
dye medium leading to non-uniform refractive index variation
of the medium also cause changes in the output wavelength
and bandwidth [3]. Changes in the environmental temperature
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also lead to a drift in the output wavelength due to a change
in the angular position of the optical components and the
changes in the resonator length [4]. The temperature coeffi-
cient of refractive index of various materials like glass, air,
dye medium etc. on the dye laser resonator axis generally give
dependent frequency changes, per degree rise of tempera-
ture, only between 60 MHz/K to 8 GHz/K [4]. An individual
contribution from these factors is masked by flow-induced
variations.

In this paper we attempt to isolate the effects that are
responsible for wavelength and bandwidth fluctuations, and
hence stability, in a narrow band tunable Rh6G dye laser trans-
versely pumped by a copper vapor laser operating at a 5.6 kHz
repetition rate.

2 Experimental arrangements

The dye laser used for these experiments consists
of a specially designed dye flow duct. The design is based on
the concept of entry length, provision of which in any flow
study allows the turbulence due to the entry of the fluid to sub-
side and transforms the flow into a fully developed laminar
flow in the region of study. A dye laser, designed using such
a duct, is described in detail elsewhere [5]. However some de-
tails of the duct relevant for this study are presented here. The
duct is formed, in such a way that its width continuously de-
creases from 22 mm to 0.5 mm upstream of the pump region
and increases again to 22 mm downstream, by two cylinders
of radius of curvatures of 46 mm and 35.5 mm with a height of
25 mm. The center of the inner cylinder was shifted by about
10 mm with respect to that of the outer cylinder to constrict
the flow path in the region of the dye laser axis. The flow
of the fluid through this duct was laminar, details of which
are presented elsewhere. The experimental arrangement for
the dye laser wavelength and bandwidth measurement set-up
along with dye flow duct is shown schematically in Fig. 1 with
higher quality, if possible. The dye laser resonator consists of
a 20% reflectivity output coupler, 2400 lines grating–mirror
combination in grazing incidence configuration and a single
prism beam expander (magnification ≈ 8). A 1.0 mM solu-
tion of Rhodamine 6G dye in 30% ethanol and 70% ethylene
glycol mixture (Viscosity about 7.25 cPs) was pumped by
a 5 cm focal length cylindrical lens using a copper vapor laser
[λ = 510.6 nm, 5 W (5.6 kHz), plane-parallel resonator]. The
output beam of the dye laser was analyzed using a Fabry–
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FIGURE 1 The experimental arrangement for the dye laser wavelength and bandwidth measurement set-up along with dye flow duct

Perot etalon (FSR = 5 GHz, finesse = 25), a CCD camera, and
a frame grabber card. The software was developed by Vora et
al. [6]. A frequency stabilized He-Ne laser (λ = 632.816 nm)
beam, passing through the same optical path as the dye laser
beam, was used as the reference laser. The software has the
facility of automatically acquiring the intensity profile of the
fringes at a preset time interval and composes a picture of the
data collected over a long time.

3 Results and discussion

Figure 2a–c shows a record of the fringe pattern
taken over approx 60 minutes at the flow rates of 1.2 lpm
(Re = 221), 3.7 lpm (Re = 681) and 5.5 lpm (Re = 1012) re-
spectively. It is seen that predominantly three axial modes
exist over the period of observation. The fringe spacing varies
from record to record and slowly over time. It is also seen
that as the flow is increased the fluctuations decrease. The
individual modes that appear indistinguishable at low flow
rate are clearly distinguishable at higher flow rates. Fig-
ure 3a–c shows typical intensity profiles of the F–P fringes,
obtained from single trace of Fig. 2a–c for the three flow
rates. These profiles, along with F–P fringe profiles for the
reference laser, were used for estimating the output wave-
length and bandwidth by first roughly measuring the dye laser
wavelength using a 0.5 m monochromator and then using this
value along with the known wavelength of the He-Ne laser
beam, FSR of the Fabry–Perot used, the diameter and width
of the fringes using standard formulae [7, 8]. Figure 4a–c
shows the scatter of bandwidth and wavelength data for the
central mode represented in Fig. 2a–c. It is observed that
both the bandwidth and the wavelength vary over the period
of observation. The wavelengths vary from 576.2281 nm to

FIGURE 2 Record of the fringe pattern taken over a long time (approx.
60 min) for Reynolds number of (a) 221 (b) 681 (c) 1012

576.2289 nm, 575.9966 nm to 576.003 nm and 575.9861 nm
to 575.9928 nm, and bandwidth from 235 MHz to 324 MHz,
282 MHz to 545 MHz, 330 MHz to 1.75 GHz at the flow rates
of 5.5, 3.7 and 1.2 lpm respectively. The number of modes
oscillating also varies from pulse to pulse. The small peaks
superimposed on the broader intensity profile at the same
location as the axial modes indicate that the width of the
modes increases as the dye flow is decreased. Figure 5a shows
the fluctuations in bandwidth and wavelength with Reynolds
number and b shows the variation of observed ∆λ/λ with
Reynolds number.

The decrease in fluctuations in bandwidth (∆λ), wave-
length (λ) and its ratio with increasing Reynolds number
clearly shows that the flow of the dye solution through the
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FIGURE 3 Typical FP intensity patterns for the dye laser output at dye flow
Reynolds number of (a) 221 (b) 681 (c) 1012

dye laser axis has a strong influence on the stability of out-
put characteristics of high repetition rate, high power, narrow
bandwidth dye laser transversely pumped by copper vapor
laser.

Maruyama et al. [1] have observed that the bandwidth
varies from 50 to 300 MHz as the flow Reynolds number is
increased from 1000 to 20 000. The observed behavior in our
case seems to be different. Since the flow Reynolds number
remains well within the laminar flow this result of decreas-
ing bandwidth is rather surprising. It suggests however, that
within the laminar flow regime the behavior of the dye laser
is different. And some other factors may be responsible for
increase in bandwidth at lower flow Reynolds number. It is
known that the absorption of pump laser pulses causes an
acoustic wave in the medium [9]. The disturbance thus affects
the dye upstream of the pump region [3]. This may explain
our results, as in our experiments it is expected to have an af-
fect more at lower flow rates than at high flow rates, as the
disturbed medium will pass through the dye axis earlier than
that at higher flow velocities. It was not essential to try and
understand what causes bandwidth change and what causes
short-term wavelength fluctuations. It is known that the pas-

FIGURE 4 Variation of bandwidth and wavelength of central mode for flow
Reynolds number of (a) 221 (b) 681 (c) 1012

sive bandwidth of a prism beam expander-GIG-tuning mirror
configuration dye laser resonator is given [10] by

∆λ

λ
= (1)
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where the terms in the bracket are the dispersion due to the
grating (G) and the prism (P) respectively, λ is the wavelength,
α and β are the angles of incidence and diffraction, and A and
M are the apex angle and magnification of the prism respec-
tively. θ1 and θ3 are the angles of incidence at the first and
second surface of the prism respectively. W is the beam size
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FIGURE 5 (a) Fluctuations of the bandwidth and the wavelength with
Reynolds numbers (b) Variation of observed ∆λ/λ with Reynolds number

and dn/dλ is the variation of refractive index of the prism ma-
terial with wavelength. Since the dispersion due to the prism is
much smaller than that due to the grating [10], by neglecting
the second term, the above equation can be written as

∆λ

λ
= 2λ cos α

πMW[(sin α+ sin β)] . (2)

If α is kept constant and the tuning angle does not change,

∆λ

λ
= Z

(
λ

W

)
, (3)

where Z = 2 cosα

πM(sin α+ sin β)
.

It is seen that ∆λ
λ

depends on angle of incidence α, wave-
length λ, and the dye beam size W . In general, ∆λ

λ
is indepen-

dent of λ if α does not vary. If α is constant then the ratio ∆λ
λ

is proportional to λ and the slope Z
W will give an estimate of

the beam size W . It is therefore possible to check, by meas-
uring the variation of the output wavelength recorded over
a long time, whether the change is due to mechanical changes
in the alignment of optical components or because of band-
width changes due to changes in the divergence of radiation
falling on the grating due to changes in W .

Hence, it is seen that ∆λ
λ

, depends on both angle of in-
cidence on the grating, α and dye beam size W . Since these
changes occur from pulse to pulse with time interval of about
5 seconds it is unlikely to be due to environmental factors.
These fluctuations can be attributed to the pump beam in-
duced refractive index gradient in the dye medium, as the

dye medium is asymmetrically pumped from one side only.
Since the pump beam is absorbed in the dye medium follow-
ing exponential absorption law, the dye axis predominantly
lies close to the pump beam entrance window and hence the
dye laser performance is strongly influenced by the flow of the
medium. At a particular flow rate the fluctuation in bandwidth
may be due to the change in the divergence of radiation falling
on the grating due to change in beam size, and in wavelength
it may be due to the deflection of the beam because of non-
uniform refractive index variation of the medium, causing
change in angle of incidence and hence optical path length.
When the flow is increased the dye medium across the op-
tical axis becomes more uniform and consequently the fluc-
tuations decreases. An output measurement at higher flow
rates has not been performed because of limitations. The esti-
mated value of the penetration depth of the pump beam in the
medium for 1 mM solution of Rh6G in ethanol–ethylene gly-
col (solvent used in the experiments), given by [2], 1/(σ01 N),
where σ01 = 1.66 ×10−16 cm2 is the absorption cross-section
for Rhodamine 6G at λ = 510.6 nm, and N is the dye con-
centration, is about 102 microns. In practice the penetration
depth of the pump beam is higher than that estimated from the
above considerations. In similar experiments variation from
120–210 microns [11] were measured.

4 Conclusions

In conclusion it is seen that the flow within a lam-
inar region plays an important role on the stability of the
output bandwidth and wavelength of a high repetition rate
grazing incidence grating dye laser, transversely pumped by
a copper vapor laser operating at 5.6 kHz repetition rate. The
wavelength variations from 575.9861 to 575.9928, 575.9966
to 576.003, 576.2281 to 576.2289 nm, and bandwidth varia-
tions from 330 to 1750, 282 to 545, 235 to 324 MHz were
observed at the flow rates of 1.2, 3.7 and 5.5 lpm respec-
tively. The fluctuation in bandwidth and wavelength decreases
with increasing flow rates. The output wavelength is af-
fected by deflection of the beam, causing a change in the
angle of incidence and hence optical path length. The band-
width fluctuations are due to the change in the divergence
of radiation falling on the grating due to change in beam
size.

REFERENCES

1 Y. Maruyama, M. Kato, A. Sugiyama, T. Arisawa, Opt. Commun. 81,
267 (1991)

2 F.J. Duarte, L.W. Hillman, Dye Laser Principle (Academic Press, NY
1990)

3 M. Amit, G. Bialolenker, D. Levron, Z. Burshtein, J. Appl. Phys. 63,
1293 (1988)

4 A.F. Bernhardt, P. Rasmussen, Appl. Phys. B 26, 141 (1981)
5 R. Bhatnagar, N. Singh, R. Chaube, H.S. Vora, Rev. Sci. Instrum. 75,

5126 (2004)
6 H.S. Vora, N. Singh, R. Bhatnagar, In: Proc. DAE-BRNS Nat. Laser

Symp. 2002, p. 215
7 K. Dasgupta, R. Srivastava, Appl. Opt. 26, 3659 (1987)
8 A.C. Shikalgar, A.S. Dongare, S.S. Thattey, In: Proc. DAE-BRNS Nat.

Laser Symp. 2000, p. 277
9 M. Villagran-Muniz, C. Garcia-Segundo, H.F. Ranea-Sandoval,

C. Gogorza, G.M. Bilmes, Appl. Phys. B 61, 361 (1995)
10 C.S. Zhou, Appl. Opt. 23, 2879 (1984)
11 O. Prakash, S.K. Dixit, R. Jain, S.V. Nakhe, R. Bhatnagar, Opt. Com-

mun. 176, 177 (2000)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


