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I. INTRODUCTION

This report is an analysis and characterization of the Lumonics, Inc.

HyperDYE-300 laser pumped dye laser, which was chosen for acquisition through

the FSTC D650 program. The dye laser was utilized in this research as a

Neodymium:YAG pulsed laser pumped dye laser. The performance of the dye laser

was optimized and then several aspects of its performance were characterized.

This included: dye/solvent concentration versus output energy, output energy

versus wavelength, optical efficiency versus wavelength, temporal profiles,
and spatial profiles.

Linewidth was also measured and compared to the theoretical linewidth

for this type of laser. Along with the linewidth, the amount of amplified

spontaneous emission (ASE) created within the dye laser cavity, which is a
problem with many laser pumped dye lasers, was measured. Linewidth and ASE

are closely related to one another. If there is a large amount of ASE in a
laser cavity, then the linswidth of the laser output typically will not be

optimi':ed. Methods to ecrease the amount of ASE in the HyperDYE-300 were

investigated and implemenced in order to decrease the linewidth.

The Hyper DYE-300 utilizes a hybrid multi-prism grazing-incedence type

oscillator and a high gain amplifier. This type of laser cavity is known for

being tunable, having a narrow linewidth, and having good beam quality. The

performance analysis of this dye laser was done in order to determine if the
HyperDYE-300 does indeed exhibit characteristics indigenous to this type of

dye laser.



II. HYPERDYE-300 SERIES DESIGN CONCEPT

The HyperDYE-300 series of pulsed dye lasers from Lumonics, Inc. were,
according to the manufacturer, designed to be a simple and versatile tool for
applications where a source of laser light is needed. The laser was designed
to utilize various pump sources ranging from eximer lasers to frequency
doubled and tripled Neodymium:YAG (Nd:YAG) lasers. The HyperDYE-300 con-
sists of a tunable oscillator, an amplifier, and the necessary pump beam
steering optics. Due to the oscillator design, the dye laser allows rapid
alignment and simple operation. The oscillator is of a design that has a
fairly narrow linewidth and still maintains good energy conversion effic-
iency.

The oscillator is a hybrid multi-prism grazing-incidence cavity. Most
grazing-incidence cavities require an angle of incidence of approximately
89 degrees. An angle of incidence this large causes the laser cavity to be
very inefficient. However, this inefficiency can be overcome by utilizing
a beam expander. In the HyperDYE-300 (see Fig. 1) an achromatic, four-prism
beam expander (PBE) is placed between the oscillator dye cell and a holo-
graphic grating (GR1). The 15X four-prism beam expander in the HyperDYE-300
expands the beam enough so that the angle of incidence can be decreased to
85 degrees. This smaller incidence angle is much better for efficient laser
operation. The beam expander and grating are always in a fixed position so
that the laser beam is always illuminating the same number of lines on the
grating. This insures that there is no change in linewidth due to a change
in lasing wavelength, since the wavelength is changed by adjusting the 100
percent reflector (M7) instead of the grating.

The reflector (M7) is mounted on a rotary drive stage (or stepper motor)
that has an optical encoder. The optical encoder records the mirror angle
and is translated via microelectronic devices into wavelength. The micro-
electronics are part of a SCAN unit which is used to control the tuning
mirror angle and the rate at which it can be changed. The unit is easily
calibrated so that the electronics displays the lasing wavelength to within
a hundredth of a nanometer.

The HyperDYE-300 is equipped with a 2400 lines/mm holographic grating
which is appropriate for laser operation at wavelengths from 320 to 730 nm.
The grating is factory mounted and prealigned on a kinematic mount so
oscillator alignment is not necessary by the user. The grating is also
mounted in the oscillator with a skew in its axis. This prevents the grating
and the tuning mirror from ever being parallel to one another, which in cases
where there is enough gain, two lines begin to lase. The built-in skew of
the grating axis is sufficient to prevent this from happening without inter-
fering with the tuning capabilities of the cavity.

The oscillator output passes through a broadband partially reflecting
output coupler (M6) and into a beam expanding telescope (BET). The BET
consists of two lenses, a diverging lens (L3) and a collimating lens (L4).
The oscillator beam is expanded in order to fill as much as possible of the
amplifier gain volume. The BET also helps reduce the divergence of the
output laser beam.

2
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III. ALIGNMENT AND OPTIMIZATION OF EXPERIMENTAL SETUP

In this research a Nd:YAG laser was used as the pump source. Nd:YAG
typically lases at a wavelength of 1064 nm and when this is frequency doubled
or tripled, it is an excellent pump source for pumping visible dye lasers.
The decision was made to use doubled Nd:YAG (532 nm laser wavelength) as the
pump source. The reasoning behind this decision can be seen in Figure 2
which shows the absorption and florescence curves for Rhodamine-6G (R-6G)
in methanol solvent. From this figure it can be seen that R-6G absorbs
light at a wavelength of 532 nm very well. This means that doubled Nd:YAG
is a very good pump source for R-6G. As it turned out, the peak lasing
wavelength for the HyperDYE-300 was 566 nm, which is where the absorption
curve stops and is high on the florescence curve. This data is typical of
doubled Nd:YAG pumped R-6G.

Figure 1 is a schematic of the optical assembly. The 1064 nm output of
the Nd:YAG was passed through a second harmonic generator where the majority
of the output becomes 532 nm. The beam was then passed through a dichroic
beam splitter that reflects 1064 nm and tran:mits 532 nm. This removes all
of the unwanted 1064 nm photons from the pump beam. The 532 nm beam was
then reflected off of two turning mirrors (Ml and M2) to aid in the aligning
of the pump beam properly into the dye laser. Once the Nd:YAG beam is
aligned straight into the dye laser, it is split by a beam splitter (BSl)
into two components. Ten percent of the beam is reflected onto a cylindrical
lens (Ll) and is then focused onto the dye cell of the oscillator (DCl). The
remaining ninety percent of the pump beam is delayed by reflecting off three
mirrors (M3, M4, and M5). The pump beam is reflected from M5 onto a cylindri-
cal lens (L2) which then focuses the pump beam onto the amplifier dye cell
(DC2).

Since the oscillator cavity is aligned by the manufacturer, the only
alignment procedure required here is to focus the pump beam onto the dye
cell and to use the SCAN unit to tune the tuning miror until the brightest
laser spot appears. The BET is then aligned using the targets supplied by
the manufacturer. To aid in alignment procedures there is a knife blade in
the amplifier cell. As the expanded oscillator beam passes through the
amplifier a shadow of the knife-edge appears. Proper alignment procedure
is to focus the brightest part of the oscillator beam approximately one
millimeter below the knife-edge.

1

The HyperDYE-300 pulsed dye laser was designed to allow only ten percent
of the pump beam to pump the oscillator while the other ninety percent is
delayed and then utilized to pump Lhe single pass amplifier. Obviously,
most of the gain occurs in the amplifier.

Since there is such a large amount of gain in the amplifier, amplified
spontaneous emission (ASE) is a problem. Although the HyperDYE-300 was
designed with pump beam delays that only allow the amplifier to "turn-on"
after the oscillator has begun lasing, parasitic ASE takes place due to
reflections off of the lenses in the BET. However, by offsetting the BET
with respect to the amplifier cell, the parasitic ASE was diminished slightly.
Of course, other ASE paths did occur due to reflections off of the dye cell
windows; however, only the ASE that was in the single pass pathway of the

4
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oscillator-amplifier was of concern. Other ASE paths were removed with an
aperture. Unfortunately, all of the ASE was not defeated in this manner.

Figure 3 shows the dye laser output when passed through a Fabry-Perot
interferometer. Note that the ring pattern suggests that there were two
lines lasing at the same time. One line was due to the oscillator-amplifier
pathway, while the other was caused by ASE in the amplifier. Apparently, the
gain in the amplifier dye cell was enough to cause problems even with the BET
offset. Figure 4 is a picture of the ring pattern produced by passing the
amplifier ASE through the Fabry-Perot while the oscillator was blocked.
These rings reveal the broadband emissions that would be expected by ASE.
The only way to suppress this ASE was by decreasing the energy per area of
the amplifier pump beam. This was done by defocusing the cylindrical lens
(L2) until the fringes created by the ASE disappeared.

Figuie 5 displays the type of output that was finally achieved with the
oscillator-amplifier. Note that the rings are only in bright solid bands
which suggests only one line of laser operation. Hence, the ASE was
suppressed by defocusing the pump beam; however, the output energy of the
laser beam decreased as well. This is to be expected since the pump energy
per area was decreased. It should be mentioned that the opLics in the dye
laser are not anti-reflection coated which is why there is such an ASE
problem to begin with. If the optics were anti-reflection coated, then
perhaps the BET could be aligned properly and the amplifier pump beam could
be focused onto the dye cell properly. This would most certainly increase
the output energy a considerable amount and ASE might not be such a problem.

The concentration of the dye was also found to be a factor in controlling
the ASE of the HyperDYE-300. Utilizing the dye Rhodamine-6G (R-6G), it was
observed that with too high a concentration the amplifier cell would "lase"
on its own cell windows. In order to find the optimum concentration to use
in the dye laser, its .5 liter reservoir was first filled with pure methanol
and then one milliliter increments of 1.25xi0 - 3 Molar R-6G in methanol was
added to the dye reservoir. Figure 6 displays the dye laser output energy
versus the dye concentration. The dye laser did not lase until the concen-
tration was at least 2.5xi - -5 Molar and its output energy did not increase
noticeably until the concentration was about 5x10- 5 Molar. At a concentra-
tion of approximately 9.75x10- 5 the amplifier cell began to lase off of its
windows. However, as stated before, the ASE pathways were not within the
oscillator-amplifier axis, so at this concentration ASE was not parasitic to
the dye laser output. As the concentration increased, the output energy
obviously increased, unfortunately, the ASE increased as well. The optimum
output concentration was found to be 1.5xlO - 4 Molar. At concentrations
slightly higher than this the ASE began to affect the lasing pathway by a
noticeable amount.

Since the HyperDYE-300 only has one dye reservoir, the same dye flows

through both the oscillator and the amplifier. It is quite possible that
two separate dye reservoirs - one for the oscillator and one for the ampli-
fier - would be beneficial. The design of the oscillator limits the ASE
that can occur there, but the ASE in the amplifier is mostly a function of
the concentration. The higher the concentration of the dye in the amplifier

6
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cell, the more ASE will occur. Thus, if the oscillator could utilize the
concentration that was found to be optimum, 1.5x10 -4 Molar, and the ampli-
fier utilized a concentration of around 9.5xi0 -5 Molar where ASE was not a
problem, then perhaps the ASE would not be as big of a problem in the

HyperDYE-300 as it proved to be.

It should also be mentioned that the way the HyperDYE-300 was designed,
a serious bubble problem exists with the amplifier dye cell. The dye flows
from the reservoir, through a bubble filter, and then upwardly and trans-
verse to the laser cavity through the oscillator. The dye then flows from

the top of the oscillator cell to the top of the amplifier cell via 1/4 inch

teflon tubing. The dye then flows downward through the amplifier cell, past
the knife-edge, and then back to the dye reservoir via more 1/4 inch teflon
tubing. Since the dye is flowing downward through the amplifier cell, and

due to the fact that buoyancy bubbles tend to rise upward, any bubbles that

are passed through the bubble filter are eventually trapped by the opposing
forces in the amplifier cell. Also, the knife-edge tends to retard the

bubbles from leaving the laser axis. When these bubbles are trapped on the

laser axis, the change in refractive index disperses the laser photons and
very few, if any, of them make it out of the amplifier cell. It was found

that the simplest way to correct this problem was to reverse the dye flow
direction so it would flow upward, thus washing the bubbles upward and out

of the amplifier cell. This was done easily by interchanging the dye flow

leads to the amplifier cell.

9



IV. DATA

Once the dye laser was aligned and optimized its characteristics were
measured. With the dye laser utilizing a l.5xlO -4 Molar solution of R-6G
in methanol, it was found to be tuneable from 545 nm to 590 nm (see Fig. 7).
This is a typical tuning curve for Nd:YAG pumped R-6G. Figure 8 is the
optical efficiency of the dye laser (dye laser output divided by doubled
Nd:YAG output) versus wavelength. This graph shows that at a lasing wave-
length of 565 nm, there was an efficiency of more than 50 percent. The
graph also shows that there is approximately a 20 nm range where an effi-
ciency of greater than 30 percent exists. Figure 9 is the energy of the
dye laser output versus the energy of the Nd:YAG output. As the pump source
was increased in energy, the dye laser output increased linearly. However,
from this graph it can also be observed that as the output energy of the dye
laser increases it begins to increase slower no matter how much pump energy
is being utilized. This can be seen more clearly in Figure 10, which is the
slope efficiency of the dye laser. This graph depicts an increase in energy
of the dye laser output versus an increase in energy of the Nd:YAG output.
It is obvious from this graph that the output energy of the dye laser is not
linear with respect to the output energy of the pump beam. In other words,
there is most definitely a maximum energy that can be achieved from pumping
the HyperDYE-300 with doubled Nd:YAG laser output. This maximum energy was
found to be about 35 mJ.

Temporal and spatial profiles of the dye laser output were obtained.
The temporal output was observed by utilizing a fast photodiode and a
Tektronics storage oscilloscope. In most cases with pulsed laser-pumped
dye lasers, the output of the dye laser tends to "track" the pump laser
beam. In other words, the temporal profile of the dye laser output should
appear very similar to that of the pump source. Figure 11 is the temporal
profile of the Nd:YAG laser output. At full-width half-maximum (FWHM) the
pulse was about 12 nsec long. Also, from the temporal profile of the
Nd:YAG it can be seen t.1at the laser pulse was single mode. The jagged
parts of the trace hint that a degenerate mode might have been trying to
lase. Figure 12 shows the temporal profile of the dye laser output. The
pulse is about 7 nsec wide at FWHM and is single mode. However, like the
pump profile, the jagged parts of the trace appear which is due to the dye
laser pulse following the pump pulse. It is not due to any degenerate modes
in the dye laser, because the dye laser oscillator was designed in such a
way that suppresses degenerate mode lasing. In many cases, when the
Nd:YAG output was a smoother single mode output, so was the dye laser output.
Figure 13 is a temporal profile of the dye laser output that is about 7 nsec
wide at FWHM and is perfectly smooth - most definitely single mode.

Spatial profiles of the dye laser output were taken utilizing a frame
grabber and beam analysis hardware and software by Big Sky. Figure 14 is a
3-D representation of the laser output near lasing threshold. This is
evidence that the laser beam was lasing in the TEM 00 mode. Also, the 3-D
plot is typical of a Gaussian laser output, which is representative of good
beam quality. Figure 15 is a 3-D representation of the dye laser output at
maximum lasing energy, and is also TEM 00 mode. Again, the plot is Gaussian
and representative of good beam quality. The number of spatial modes did

10
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not change due to an increase in pump energy. Hence, even though there was
high gain and large amounts of ASE, no parasitic modes were observed to lase.
This stable beam quality is somewhat typical of HMPGI type oscillators.

The half angle beam divergence was measured utilizing the Big Sky
hardware, software, and a long focal length positive lens. Table I is the
data recorded from this experiment. Pulses at four different laser output
energies were observed. The x and y-axis focal spot diameters, the effective
focal spot diameter at i/e2 energy, and the divergence were measured. The
four energies ranged from just above threshold to maximum output. The half
angle beam divergence averaged over the total range of laser output energies
was found to be about .3 milliradians. This is better than the manufacturer
claim of .5 milliradians by more than 25 percent.

Since ASE had proven to be such a problem during the optimization of
the HyperDYE-300, a measurement of ASE photons versus laser photons was made.
This measurement of spectral purity 2 was made utilizing a monochromator
which was then dispersed by the grating in the monochromator and passed into
the photomultiplier tube via another narrow slit. By tuning the grating of
the monochromator, relative laser output at discrete wavelengths could be
monitored on the oscilloscope. The laser was tuned to a wavelength of
557.39 nm where most of the output photons were observed. However, the ASE
background was so bright that it was observed as far as ten nanometers on
either side of the laser peak. Figure 16 shows the spectral purity of the
oscillator output. Note that the narrow and high peak is the laser output
and the "wings" of the curve depict the ASE background. Figure 17 is a
closer view of this data. From this curve the actual spectral purity can be
approximated by integrating the area under the wings of the curve (the ASE
background), dividing it by the area under the remaining portion of the curve
(the laser radiation), and then subtracting this value from unity. This was
done by implementing a graphics integration program in BASIC and a graphics
program on a Macintosh II computer. The spectral purity calculated from
this graph was approximately 90 percent. The manufacturer's claim is of a
spectral purity of 99.99 percent; therefore, there is about a 9 percent
difference in the experimental data and the manufacturer's claim. Figure 18
is the spectral purity of the oscillator-amplifier. From this graph it is
obvious that the spectral purity of the oscillator-amplifier is worse than
that of the oscillator. This is to be expected since there was such an ASE
problem observed with the amplifier. The manufacturer's claim is of a
spectral purity of better than 99 percent. The experimental value was on
the order of 86 percent. The percent difference between the manufacturer's
claim and the experimental data is slightly more than 13 percent.

In ordcr to make the above calculations it was necessary to measure the
linewidth of the laser in order to know which parts of the curves in Figures
16 through 18 were laser radiation and which were not. The linewidth of
the dye laser was measured from the Fabry-Perot ring pattern in Figure 5.
By dividing the width of the second ring by the distance between the first
and third ring and then multiplying by the Free Spectral Range (FSR) of the
Fabry-Perot etelon, a very good approximation of the linewidth was achieved.
The FSR of the etelon was approximately 7.49 GHz. The linewidth of the dye
laser output was then measured to be slightly more than 1.69 GHz. The theo-
retical linewidth can be calculated by utilizing the linewidth equation for
HMPGI type laser ubillators.3,4

18



TABLE 1. Beam Divergence Data

LASER PULSE # #1 #2 #3 #4 AVE.

TOTAL POWER(RELATVER I13890 25070 34750 36750 N/A(RELATIVE IN MoW)

EFFECTIVE BEAM
DIAMETER AT 1/e 2  (ram) .5 .5 .5 .6 .5

BEAM DIAMETER ONYAI (m)5 .6 .7 .6 .6Y-AXIS (ram)

BEAM DIAMETER ON
X-AXIS (rn) .5 .5 .5 .6

DIVERGENCE (in mrads) .3 .3 .3 .3 .3

Note: Data taken in order to determine spot size and divergence of
Hyper DYE-300 dye laser beam (data was taken with a frame-
grabber, camera, and respective software).
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[ r 
r M 

-1

AX = (AO/R) 1 km (aO/aX)G + 2 (± ) (11 kj tan ( mdn/dk)
M = 1 G = j = 1 '

Where AO is the experimentally determined beam divergence, ai/0x is the
dispersion of the grating, dn/d is a characteristic of the material from
which the prisms are made, R is the number of intracavity passes, and the
term k corresponds to the expansion due to each prism. The calculated value
for the linewidth of the HyperDYE-300 oscillator was determined to be
approximately 1.31 GHz. This is slightly better than the actual observed
linewidth. One possible explanation for the difference between the experi-

mental and calculated values might be that the theoretical calculations
obviously do not account for ASE. There is enough ASE that occurs in the

oscillator to broaden the linewidth of the dye laser output.
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V. CONCLUSIONS

Using a Nd:YAG pulsed laser to pump the HyperDYE-300 dye laser, optimum
dye concentration for R-6G in methanol, output energy versus wavelength,
optical efficiency versus wavelength, and slope efficiencies were determined.
The dye laser was observed as lasing in only one temporal mode and the
spatial profiles of the output suggests TEM 00 mode lasing as well. The
divergence and the linewidths of the dye laser output were found to be as
good as, if not better, than the manufacturer's claim. However, according
to theoretical calculations the linewidth could possibly be slightly better
than that observed. The reason the linewidth was not optimum was most likely
due to ASE in the dye laser cavity. The ASE versus laser output was measured
and was not found to be quite as good as the manufacturer's claim. In order
to defeat the ASE, various alignment procedures and dye/solvent concentra-

tions were tried. The dye laser was manufactured with only one dye flow
system, so both the amplifier and the oscillator must use the same dye. The
dye concentration that was ideal for the oscillator was too concentrated
for proper operation of the amplifier, thus creating an amplifier gain media
that was nearly saturated with ASE. Ideally, there should be two dye flow
systems, one for the oscillator and one for the amplifier. This way the
concentration of the oscillator could remain high, while the concentration
of the amplifier could be reduced. With the amplifier dye concentration
reduced, the gain would also be reduced. Thus, the main problem with the
HyperDYE-300 - ASE - might be overcome.
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