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1. Summary

The next major improvement of many optical systems, especially data storage, will occur
when lasers are developed with wavelengths shorter than the infrared (IR) and red wavelengths
currently used. This improvement will result because of the ability to focus the shorter
wavelength light to smaller spot sizes. Due to the large military and civilian market, numerous
laboratories and universities are developing blue laser devices.

The substantial amount of research into a compact blue laser source is focused on the
development of semiconductor diodes fabricated out of nitride-based material. However, other
methods do exist to create blue laser light from a system that is compact. One of these methods,
upconversion lasing obtained with a doped fiber gain material, is the subject of this report.

When thulium ions (Tm**) are doped into fluorozirconate (ZBLAN) fiber, upconversion
processes are possible. These processes allow the use of IR pump lasers to produce blue laser
emission at 480 nm. Due to the characteristics of the ZBLAN fiber, numerous possible
excitation schemes are available and a robust excitation scheme which uses two IR wavelengths
will be presented.

The electronic configuration and transitions which are pertinent in the lasing phenomena
will be discussed. This will be done by investigating the laser-induced fluorescence from the
upper laser level. A method to determine the energy level locations as well as the cross sections
for particular transitions will be derived and applied to the fluorescence spectrum recorded.
Also, time-dependent fluorescence will be utilized to aid in the assignment of the transitions
recorded and the lifetimes of the upper energy level involved in each fluorescence feature.

This data can be used to create a model of the lasing process to determine the amount of
gain available from the doped fiber. This was done to determine the optimal length of the fiber
gain media. This parameter is important since the 480 nm transition in Tm:ZBLAN fiber is
ground state terminated (GST). That is, if the fiber is too long, the population in the ground state
will significantly reduce the number of photons at the lasing wavelength; the gain material is lossy
at that wavelength. Also, this model can be used to determine the optimal configuration of the
cavity. Since fiber is being used as the gain material, coupling the pump light into the fiber is an
important consideration. However, as the number of elements intra-cavity increases, so does the
cavity loss. With the increase of cavity loss comes the increase in laser threshold, and thus,
inefficient operation of the laser.

To ensure the maximum amount of gain is achieved, one uses a long piece of fiber.
However, as mentioned above, this transition has inherent loss if the fiber is too long. Hence,
experiments were completed to determine the length of fiber which produced the maximum
fluorescence power output when excited by the two IR wavelengths determined to produce a
robust excitation scheme.




2. Introduction

The development of compact blue lasers has been receiving considerable attention. These devices
can be used for applications ranging from data storage and flat displays to inspection systems and flow
cytometry. Considerable resources have been expended to develop blue emitting semiconductor laser
diodes, however, another compact method of generating blue light is available. This alternative method
involves the use of an upconversion process to create visible light in a doped fiber.

The upconversion process is so named because the absorption of multiple excitation photons
results in the emission of a single photon that is more energetic than any single photon; the photon
energy output is larger than any single photon energy input to the system. This process is possible
when excited states of the absorbing material are metastable, i.e., long lived. Once excited to a metastable
state, the material can then absorb another photon and be excited to a higher energy state. This process
will continue until either a short-lived excited state is encountered or the excitation photons are not
resonant with higher energy states of the material. Using this process, infrared (IR) light can be used to
excite electronic transitions of rare earth ions to produce emission in the visible spectrum.

The rare earth, also known as lanthanide, ions used in this process are trivalent; there are three
electrons removed from the stable element. This oxidation state results in a 55?5p® electronic
configuration having lost the 6s and one of the 4f electrons.! The loss of the 4f electron allows these ions
to be optically active, i.e., the 4f electrons change energy state through the absorption and emission of
photons. Each energy state has an associated energy level which can be described by the Russel-
Saunders labeling scheme for many electron atoms. In this scheme, each energy level has a label of the
form 25 1L, where 25+ 1 is the spin multiplicity of the state, L is the orbital angular momentum, and Jis
the total angular momentum.?

When the ion is introduced into a glass host, the energy states of the ion are perturbed. This
perturbation has little effect on the optical properties of the ion since the outer electrons, 5s and 5p,
shield the 4f electrons from the potential (Ligand) field of the glass.! While the free ion energy states are
degenerate, i.e., each energy state has 2J+1 electronic states associated with it, the Ligand field lifts this
degeneracy, and the energy states form Stark levels which are separated by only a few meV.! With this
small separation, the Stark levels are unresolved, and the result is spectrally broad absorption and
emission features which have numerous benefits. :

By forming the doped glass into fiber, many advantages are obtained. The first is the elimination
of optics to achieve the proper mode volume. While a lens is required to couple light into the fiber, all
other optics can be planar. At that time, the pump light is confined in the fiber by its waveguiding
properties. These properties coupled with the small core sizes of fiber create another advantage: high
intensities (1 mW of pump laser power in the core corresponds to a 150 MW/m? intensity in the core).
Since intensity is the main “driver” in laser operation, high intensity for low pump power is a clear
advantage. Another significant advantage fibers have is the ability to select the length of gain material.
Since fibers are drawn and not grown (like crystals), any length can be selected as required by the
application or determined from the pump laser power. It is this length selection capability that allows
the erbium 1.55 um transition to lase in fiber.




2.1 Material Interactions

Fundamental to the utilization of doped fiber is the interaction of the trivalent rare earth ions and
light. A simplified diagram of the Tm>* 4f electronic energy levels appears in Figure 2-1. In this figure,
the upward arrows labeled 1 to 3 are absorption of IR light resulting in the excitation of the electron from

3
3F2 —————— x T
3Fy ------ =
0.68 pm ii |
. 2 :
Fy ---=-- i
0.79 pm —I u 238 um
1 —1—149um
3H5 ______ I B
! ko281
3H4 ______ <+ g 0 Hm
1
122 um [ 1.23 um
H = A >

Figure 2-1. Optical transitions and a simplified energy diagram for Tm>".

the 3Hg level to the >Hs, 3F,, and °F,, respectively. The bold downward arrows represent the emission,
or fluorescence, of light. The transitions shown in Figure 2-1 only contain “normal” phenomena, i.e., the
excitation energy is higher than the emission energy. )

In fluoride-based fiber, there are numerous emissions available since magnetic dipole and electric
quadrapole transitions can also occur, i.e., the AJ selection rule does not hold. This is another
manifestation of the Ligand field.

Since the host is a glass, each ion site experiences a different host potential; this perturbation
causes the electronic states of each ion to be at slightly different energy levels due to the lack of ion site
symmetry. This asymmetry increases the spectral broadening of the electronic transitions by moving
the center energy of the Stark multiplets.

The downward, dashed arrows, numbered i to iii, in Figure 2-1 are non-radiative decays. These
decays correspond to the loss of energy by the electron to the glass host. This energy loss usually
occurs in the form of phonons and the energies at which these decays occur is host dependent. Figure 2-
2 shows the phonon energy of different host materials. As the phonon energy of the host increases, the
probability of a non-radiative decay from one state to another increases and approaches unity if the
energy separation of the two states is less than the phonon energy of the host. Also, as this phonon
energy increases, the number of states available for “energy storing” to obtain an upconversion process is
reduced. Therefore, the creation of an IR-pumped source of blue light must utilize a fiber host that has
nominal phonon energy. As can be seen in Figure 2-2, fluorozirconate (made from fluorides of




zirconium, barium, lithium, aluminum, and sodium -- a.k.a. ZBLAN) is one such glass host. This host
can readily be drawn into fiber, and while fiber-based components, i.e., gratings, couplers, etc., are still
not available, the mechanical strength of the fiber has approached that of silica making ZBLAN fiber
experiments feasible.
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Figure 2-2. Non-radiative relaxation rate as a function of energy gap for
the indicated host materials. All materials listed (except LaF crystal) can
be drawn into fiber.?

With Tm>®" doped fluoride fiber, made by exchanging some of the NaF with TmF, upconversion
processes are possible to create blue laser emission with high output powers.*$ This fiber is
mechanically strong and can be protected in ways similar to those used with standard silica fibers. With
the development of a blue fiber laser which has greater than 100 mW output (see Ref. 4), it appears
possible to create a low power, compact system that could be used in future Air Force optical memory
systems.

2.2 Standard Excitation Scheme

At this time, a discussion of the Tm-doped ZBLAN energy levels that are used in the creation of
blue light with a single excitation scheme is warranted. The upper laser level for the blue (480 nm)
transition is the 'G, state. Shown in Figure 2-3 is the typical excitation scheme for the creation of blue
laser light. In this process, the excitation source is between 1120 - 1160 nm (8621 - 8929 cm’). This
process requires the absorption of three photons (Hg — Hs, *H, — °F3, and °F4 — 'Gy) with two non-
radiative decays (Hs — Hj and °F; — °F,). By using this pumping scheme, 106 mW of blue laser
emission has been recorded.* However, this excitation scheme utilizes pump lasers with operational
wavelengths greater than 1.1 pum. Compact versions of these lasers are difficult to create and the
upconversion process used to create blue light is very sensitive to the pump laser wavelength. That is, a
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minor deviation in the pump laser wavelength results in a serious degradation of blue laser performance.
With these stringent pump laser requirements, diode lasers for a compact system would drive the system
cost extremely high. Thus, another upconversion excitation process was sought.

Energy
State (10° cm™)
1G, x 20.903
3Fa\ ,14.176
3, - 14.128
3F, % 12.365
Hs—% 8.093
3, ——= 5.552
3H, Y (.000

Figure 2-3. Dieke diagram of Tm>* 4f states and single wavelength
excitation scheme used to produce blue laser operation. Solid lines
represent pump laser absorption, dashed lines are non-radiative
decays, and bold arrow represents laser emission.

2.3 Alternative Excitation Scheme

To determine this alternative method for upconversion pumping, the first requirement is to
remove the electrons from the ground (*Hg) state (see Figure 2-3). The ground state absorption (GSA)
spectra of Tm:ZBLAN fiber appears in Figure 2-4. As can be seen in the figure, the GSA at 1120 nm is
less than 5 dB/km/ppm and improves to only around 10 dB/km/ppm at 1160 nm. Since the ground state

e L L~

wavelength, pm

Figure 2-4. GSA spectrum of Tm:ZBLAN fiber.! The y-scale shows the absorption

coefficient in dB/km/ppm. The 3F, absorption is unresolved from the 3F; peak near
680 nm.




is the terminating level for the laser transition (‘G4 — *Hy), population inversion will be difficult to
obtain and lower the slope efficiency of the laser when pumped with this single wavelength scheme.!
Thus, we propose to use a 785 nm diode to excite the Tm ions out of the ground state.

Using this wavelength, we can now expect an absorption of >15 dB/km/ppm. This is a factor of
one and a half to three better than the single IR source pumping scheme. While it appears that excitation
to the 3F; level would be even more efficient, the width of the 3F, absorption is about 20 nm wider at
15 dB/km/ppm which relaxes the Wavelength requirement of the pump laser and lowers its cost. Also,
the use of 680 nm light to pump the 3F, level has been shown to increase the lasing threshold when laser
emission at 800 nm (°F4 — *Hg) reaches threshold.> The use of a laser wavelength to pump a transition
that can lase is not preferred, but if the pump light stimulates an excited electron to emit radiation, the
emitted radiation would be at the pump wavelength. Thus, we would obtain an increase in pump power
at 785 nm in the fiber allowing more efficient operation.

Once the Tm ion has been excited into the *F, level, another laser wavelength is required to excite
the ion to the upper laser level ('Gy). This wavelength was determined by investigating the excited state
absorption (ESA) spectra recorded by Grubb, et al. shown in Figure 2- 5.5 For this transition in the

1000 1100 1200
wavelength, um

Figure 2-5. ESA spectra of Tm:ZBLAN.® Horizontal line
denotes an even ratio of white light absorption between excited and
unexcited fiber. Values above the horizontal, in increments of 0.5
where the horizontal is 1, show the increase in absorption when
excitation is present while values below result from larger
absorption when no excitation was used. Excitation was obtained
with a 785 nm diode.

1120 - 1160 nm region, Tm ions in fluoride glass absorb light with a peak in the absorption around
1130 nm, and the peak of the GSA in this region (1160 nm) has practically no absorption! By
investigating only two of the three absorptions involved in the single wavelength excitation scheme, we
already have seen how sensitive the pump laser wavelength is on the performance of the blue laser.
While data is not currently available on the other absorption process involved in the single wavelength
excitation scheme, it is believed to only add more complexity and limitations to obtaining consistently
efficient operation of a manufactured blue laser.




Since only this transition is being pumped by the second laser, we can match the laser wavelength
to the peak in absorption. Hence, we chose to use an Nd:YLF laser at 1047 nm. At this wavelength, the
ESA is slightly larger than that in the 1130 nm region, and we have approximately 20 nm around this
wavelength that will give absorption that is better than that at 1130 nm (the wavelength often used to
obtain blue laser operation).

2.4 Areas of Research

The development of a low power, low cost, compact, room temperature, blue laser source has
been the goal of this project since its inception. Along with the modes of laser operation come numerous
topics that need to be addressed and explored experimentally. This report will cover many of these
topics. Initially, study of the gain material is required. While there is considerable documentation on the
absorption and emission spectra of the rare earth ions, an investigation of these parameters is warranted
to develop experimental and analysis skills. Subsequently, laser induced fluorescence is investigated
along with the lifetimes of the fluorescence features. The proper assignment of these features allows
knowledge of the energy level locations to be gained, and the fluorescence line shapes can be used to
predict the emission and absorption cross sections as a function of wavelength -- something very
important for theoretical modeling.

Since fiber is used as a gain material in this project, there are numerous possible experimental
arrangements that can be used to obtain lasing using the dual wavelength excitation scheme. These
possible cavity configurations will be addressed and compared by investigating a theoretical model of the
small signal gain available from the fiber when the different cavity configurations are utilized. This model
addresses the characteristics of CW operation as a function of the length of the fiber and predicts an
optimal length of gain material to obtain the maximum small signal gain. A study of the fluorescence
power emitted, related to the small signal gain, under dual wavelength pumping will be presented to
show the true optimal length of fiber and deviations from the model will be discussed.




3. Methods, Assumptions, and Procedures

3.1 Gain Material Parameters

To understand the possible processes occurring in a laser, one must first investigate the
material which will produce laser action. This investigation centers around the most important
parameters required for lasing: dopant energy level locations, cross sections for absorption and
emission, and decay lifetimes. All of these parameters can be determined from an analysis of
laser-induced fluorescence. Toward that end, an experiment was set up to determine these
parameters.

The end-light fluorescence experiment was arranged as shown in Figure 3-1. In this
arrangement, an intra-cavity, line-selected Ar" laser is used as the excitation source. The
monochromatic pump light was normally incident on a 50/50 beamsplitter with one of the beams

| Line-selected Ar* Laser irror
GPIB Lock-in Detector Beam
- + Splitter
[0275m
Mono- Tm:ZBLA
chromator| , __EChopper 20X
10---1

Detector Achromat objectives

Figure 3-1. Experimental arrangement used to determine gain material
parameters. To alleviate reabsorption effects, only 38 cm of Tm:ZBLAN
was used.

being used to monitor the pump power and the other used to excite the Tm ions doped into
fluorozirconate (ZBLAN) fiber. A 20X microscope objective was used to couple the pump light
into the 38 cm Tm:ZBLAN fiber which has a dopant concentration of 1000 ppm. The emission
from the fiber was collimated with another 20X microscope objective, which was corrected for
chromatic aberrations, and then chopped at 400 Hz. A biconvex achromat was used to focus the
emission into the 25 pm entrance slit of the monochromator. A variable exit slit was set at 50 um
and any signal passing through the exit slit was recorded with a Si or InGaAs detector. The signal
was amplified with a digital lock-in amplifier and read to a computer via GPIB.

3.1.1 Energy Level Determination

Fluorescence spectra have been recorded previously for rare earth ions in silica and
ZBLAN fiber as a precursor to the discussion of a fiber laser.”® However, these spectra were not
analyzed to determine the location of the energy levels. This analysis can be accomplished by




using analytical expressions previously documented which depend on the Slater integrals, F, Fs,
F, and the spin-orbit constant, {.>!° This theory is based on the number of occupied 4f electron
states of which trivalent Tm has 12.

Using the equations reported by Spedding, the energy level locations of the free ion of
Pr** can be calculated.!! A similar set of equations can be found in Dieke.’ In all cases of rare
earth ions, the 47" and 4/"*™ ions have the same theory with only the parity, and value, of the
spin orbit constant, {, being different.” Hence, the theory discussed by Spedding can be used for
Tm>* since for Pr**, N =2 and for Tm*", N = 12.

The electrostatic interaction in these ions involve no non-diagonal matrix elements, and
the position of the various multiplets can be directly given by:"

H:E =0 ,

"P:E,=70F,+84F, - 127F = 61.286F,
F : E, = 15F, +18F, - 273F, =13.133F, .

I: E; =50F, +60F, +14F;, = 58.923F, 3.1
'G: E, = -5F, +148F, +91F, =17.952F, |

S: E, =85F, +249F, +1729F; = 149.461F,
'D: E, = 44F, ~ 48F, + T28F, = 48.979F,
where the /L portions of the state labels, i.e., 3H, 3F, etc. define the location of the Stark
energy bands, the E; label the energy bands in increasing order, and the F; are the Slater integrals.
The last column is the electrostatic interaction if a Coulombic field is assumed.

The spin-orbit interactions can be obtained by grouping all of the states with similar J
values through:!!

U, L
J=6 'I 1 N4 J=5 *H, H-{
SH, 6 H+5¢
°F,
*H, 'G, °F, J=3 'F F-¢
10
‘H, H-6{ -2 —3—§ 0
J=4 'G, -2 139; G 2 131§ R (32
°F, 0 2%4 F+3( J=1 R P-¢
% Db, R RS
'), F-4¢ -2J6¢ 0 J=0 B P-20 -4
J=2 'D, -2V6¢ D 342¢ 'S, =43¢ S
P, 0 3W28 P+¢

where the bold annotations denote the J value of the levels represented in the matrix, the
underlined energy level labels, e.g., Hq , represent which column and row are associated with the

contributions from that level and also shows which eigenvalue is associated with the level, the
matrix entries are found as rows and columns to the left and below the underlined energy labels,




and the S, P, D, etc. denote the values of the electrostatic energy of the 1S, 3p, 1D, etc. levels,
respectively, found in (3.1).

To utilize this theory to determine the energy level locations, we begin with a list of
radiative transition energies and the levels believed to be involved in the radiative transition. This
data is labeled as |Obs). Initial guesses are required for the F and { parameters with the initial
guesses for the F and Fj calculated from the solution of a simultaneous equation set from (3.1).
With these initial guesses, the eigenvalues of (3.2) are calculated. Next, the levels involved in each
transition of |Obs) are used to calculate transition energies. With calculated transitions stored as
| Calc), the sum square error of the calculated set is determined by:

max

SSE =Y (|0bs)~|Calc))’ (3.3)

n=1
where max is the number of transitions in |Obs). The routine continues by using a method of
steepest decent to find the minimum SSE on the five dimensional surface described by F3, Fy, Fg,

¢, and the SSE.

3.1.2 Cross Section Determination

Energy level locations are not the only data that can be obtained from the fluorescence
spectrum. McCumber theory can be used to calculate one cross section from the other. The
only assumption required is that thermal equilibrium within each manifold is reached before the
state will decay. 2 From this theory, the cross sections are related by:'?

oe(v)=oa(v)exp{8'hv} 34

kT
where 0,(v) and 0,(V) are the absorption and emission cross section, respectively, as a function
of frequency, k is Boltzmann’s constant, T is the temperature, and € is the energy partition of the
Stark levels involved in the transition. The equilibrium populations can be determined
absolutely, provided ¢ is known, from:'?
N, £
—+ = exp{ } (3.5)

N, kT

where N, is the equilibrium population of the i level at T in the absence of optical excitation. If
the positions of the Stark levels are known:'?

I—VI— = - = ” =7 3.6)
2 —£y T
expy—-| 1+ ) ex
p{ kT }[ ,22 p{ kT }]
where E, is the separation between the lowest component of each manifold, E; is the difference in
energy between the /" and lowest component of level i, and #; is the degeneracy of level i.
Since the electrostatic structure required for (3.6) is difficult to obtain, a simple

phenomenological procedure can be used to yield € by assuming that the Stark levels are equally
spaced. Hence,"?

E,=({-1E, (3.7
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Now, € can be determined by setting (3.5) equal to (3.6), and solving to yield:

"2‘: {—EU}
exp T
g=E, +kTlh| &—0—— (3.8)

Since data for the energy band widths could not be found for Tm-doped ZBLAN, data
collected for these widths for thulium ethylsulfate were obtained from Gruber and Conway."?
While the host differs in this reference from the one investigated, it is believed that the difference
in these widths is small compared to the total widths of the Stark multiplets.

With the investigation of fluorescence spectra as a function of wavelength, the cross
section that can be obtained from the data is that of emission. Hence, (3.4) needs to be rewritten
to allow its use in this context. This equation is rewritten as

o,(A)=0.(1) exp{;c—l-f (h_lc_ - 8)} (3.9

Desurvire presents a novel method to obtain the cross section for emission from the
fluorescence spectrum by fitting the shape of the normalized fluorescence feature (normalized so
that the maximum value is unity) with the sum of Gaussian line shapes.!* While the line shapes
have no physical meaning, they can be used to determine the wavelength dependence of the cross
sections. Essentially, the fluorescence feature fitting function becomes:

(A
Za exp{ 252‘") } (3.10)

where the (a;, 1;, 5;) are the parameters of the fit. An absolute value for the cross section can
then be obtained by normalizing the fitting function by the area of the curve and multiplying
by: 14

A)'
o= M 3.11
¢ 8mn’ctALT G-11)

where (1) is the mean wavelength of the transition, » is the refractive index of ZBLAN, c is the
speed of light, 7 is the measured lifetime of the transition, and AA7 is the effective line widths of

the emission lineshape. Once the emission cross sections has been calculated, (3.8) and (3.9) are
used to determine the cross sections for absorption.

3.1.3 Decay Lifetimes

To record the lifetimes of each state, some modifications were needed to the experimental
arrangement depicted in Figure 3-1, and these modifications appear in Figure 3-2. The chopper is
removed and a shutter is installed to control the exposure of the doped fiber to excitation.

Instead of the lock-in amplifier an oscilloscope is used and averaged over repetitive fiber
exposures to improve the signal to noise ratio of the detected decay.

11




From this setup, the rise and decay times could be determined by investigating different

Line-selected Ar™ Laser irror
| 1 == Shutter
GPIB O’scope | Detector D——EZI Beam
0.275m Splitter
Mono- Tm:ZBLA
chromator 20X
objectives

Detect or Achromat

Figure 3-2. Schematic of experiment to determine the spontaneous radiative
lifetimes of emission wavelengths in Tm:ZBLAN fiber. Laser output power was
monitored by blocking the light prior to the fiber coupling objective, opening the
shutter, and taking a reading on the detector. Traces were averaged on the
oscilloscope over numerous exposures of the fiber, and the averaged scope traces
were downloaded to computer for analysis.

regions of the shutter signal which is used to trigger the oscilloscope. To look at the rise times,
which are important to aid in the proper spectral assignment of the emission, the region
immediately after exposure began was investigated. Conversely, the trigger was changed to
investigate the decay times by looking at the emission immediately after exposure of the fiber
ceased. Care was taken to ensure that the transition being investigated was saturated before a
decay time was measured, i.e., during exposure, the signal intensity had reached a maximum.

3.2 Small Signal Gain Calculation

To get an understanding of the gain available in the Tm:ZBLAN fiber and to determine the
optimal length to make this fiber, a simple three-level upconversion laser system was modeled
using the steady state approximation.

The numerical analysis of a fiber laser system can be very difficult without making some
assumptions; in fact, no assumption-free closed form solution to the fiber laser exists. This
model is no different in that there were numerous assumptions made to decrease the complexity
of the model and still allow an investigation of the small signal gain, ¥,, and the effects of pump

power and fiber length on 7, and the cavity configuration on the gain available above the
threshold condition.

3.2.1 Initial Assumptions and Background

The initial assumptions were that the fiber was formed in a step index profile with a core
radius, a, (area = ma?) and a numerical aperture, NA. 15 Further, it was assumed that the dopant
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radial profile was uniform and that all of the dopant was contained in the core of the fiber."> All
of the fiber parameters where chosen to be invariant over the length of the fiber, and that all
wavelengths propagating in the fiber where top hat modes, i.e., the radial and angular dependence
of the power distribution of the pump and signal were assumed to be one in the core and zero in
the cladding.”® Finally, it was assumed that no stimulated emission could occur at any
wavelength but the signal (blue) wavelength.

With the dual wavelength pumping scheme utilized in this investigation, the energy level
diagram of Tm>* 4felectronic states is simplified (see Figure 3-3). In this figure, the 785 nm laser
radiation excites an electron from the *Hj to the °F, state at a rate R;,. Once in this state, the
electron has two possible avenues to leave this state. The first is by a spontaneous decay

State Label
|3) —= x 1G,
Ry Aszl Wi3
2) 3F,
Az
Ay W3,
Rz
l 1) x X P 3H p

Figure 3-3. Tm>" 4f electronic states used for dual wavelength pumping
scheme. R; denotes the rate at which the j state is excited from the i state,
Wy denotes the emission/absorption rate from the i to j level, and the 4;
denote the spontaneous emission rate from i to j. All rates are in 5.

resulting in a photon with a wavelength near 800 nm at a rate A,;. The second, and desired, route
is through the absorption of a photon of 1047 nm light which occurs at a rate Ry;. Once excited
to the 'G, state, the model assumed only three possible relaxation schemes. Two of these, A3, -
and Aj;, involve the rate at which the excited electron can relax toward the ground state by the
spontaneous emission of a photon around 1184 nm and around 480 nm, respectively. Note that
the second spontaneous emission rate, namely Aj;, is the emission from which lasing will begin
when these photons are reflected back into the fiber core by dichroic mirrors. The third possible
relaxation rate for the electrons is the stimulated emission rate, W3;. This is the rate at which
spontaneous photons are replicated by stimulating the electron to relax to the ground state. Since
this laser transition (G4 — 3H) is ground state terminated (GST) like the 1.55 pm erbium-doped
silica transition, signal reabsorption can occur at a rate Wy3. This reabsorption limits the length
of the fiber gain material. The effect of the reabsorption is the increase of loss in the laser cavity.
Thus, for a given 785 nm power, there will be a length of fiber which has the ground state
depleted sufficiently throughout the fiber to limit the loss associated with W 3.
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3.2.2 Rate Equation Model

From these possible transitions, coupled rate equations describing the population in each
of the three levels can be written. These three equations plus the conservation of Tm>" ions can
shed light on the effects of pump power and fiber length to produce gain on the 'Gy — He
transition. These equations are:

M) (k1) Wyl )+ Al )+ W
énLé:.’_zl = [Ry(r.9))m(r2) ~[Ru(r.2) + A Jra(r:2) + [ A Jns(r,2) (3.12)
—8—’1—3;_:,—22 = [VVB(",Z)]nl(r’ 2)+ [R23(r,z)]n2(r,z) - [W31 (rz)+ Ay + A32]n3 (r,2)

ny,=n +n,+tn,
where the 4 terms give the rate (in s1) of spontaneous emission from the i* to the /* energy
level, the n, terms are the populations of the different states in Figure 3-3, ny is the total number
of Tm ions doped into the fiber, and the R; and W} in (3.12) are given by:
0.0.(r,2)
“]i' 72 =Ri‘ r,Z — Y=y
()= Ry () ==
where h is Planck’s constant, v; is the frequency of the light generated from a transition between
the i and /" levels, o, is the cross section of the # — j transition, and:
E. Hr)p(z
Qy(r.z) = L) )zp’( ), (3.14)

na
This function has the units of intensity (W m™) giving the units of R; and W} in s, The

functions that comprise Q;(7,2) are Py, the power of the light corresponding to the i = j

(3.13)

transition, the core radius, a, and the attenuation of the light, ¢, in the z direction (down the
fiber):

p;(2)=10" (3.15)
with the radial component of the intensity given by:
v,()= {(1) forlr|<a
forlrl>a
since we have approximated all the modes as “top hats.”
The cross section, o, values in (3.13) can be determined from the method outlined in
3.1.2. However, since these cross sections can be difficult to obtain experimentally in fiber, the
following relationship is used to approximate the cross section value when the lineshape cannot
be determined: '

(3.16)

LA
c.(A ) )=—21 3.17
"( ") 87rcn2A2,eﬁ G.17)

where Al is the effective linewidth of the emission (or absorption if gj; is being calculated).
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The equations in (3.12) can be solved in the steady state, i.e., =0, to obtain

a”i("a Z)
ot

equations for each n,(,z). With a solution to equation (3.12) and the substitutions of equations
(3.13) - (3.16) along with the values listed in Table 3-1, the population of each laser level can be
numerically determined as a function of 7 and z. (Although for this calculation the  dependence

Table 3-1. Values used in theoretical model of small signal gain.

Coefficient Value

Ay 16 600 s

Aj, 16 138 s’

Ay 16 665 57!
oy 16 1.12x 107 m?
o3 16 7.72 x 1026 m?
op ' 2.00 x 10% m?
oy ' 2.00 x 102 m?
o2 1.26 x 10 m?
o1 1.81 x 10 m?
o 20 dB/km/ppm
Oy 12 1.7 dB/km/ppm
o3 =03 V7 7.5 dB/km/ppm
n, 1.54 x 10¥ m

is eliminated for r < a since top hat modes are assumed.)

These functions can then be used to determine the inversion, An, the small signal gain, ¥,
per length and the gain, % for the optimal fiber length which are all functions of both IR pump
powers. The inversion of a general laser system is given by: 19

AN=N,-8vp, (3.18)
&
where N, and N, are the populations and the g, and g; are the degeneracies of the upper and lower
laser levels, respectively. Hence, the inversion of the upconversion pumped blue laser becomes:

An(r,z)=n3(r,z)—%nl(r,z) (3.19)

where “9” and “13” are the degeneracies of the 'G, and 3H; levels, respectively.
The small signal gain, },, per length can easily be calculated from:'

Y.(A,.7,2) = 63, (A,)An(r,2) (3:20)
where the units of 7, are m. By supplying a small value of signal power to the model,
approximately 1 nW, one can numerically determine the location of the greatest ¥, value as a
function of z. This value denotes the fiber length for the maximum amount of gain before the
effect of the W3 signal absorption rate begins to make the fiber lossy. This optimal length, d,




can then be multiplied by 7, to yield the gain per pass, ¥, from:'*

y(r.z)=exp{y,(A,.r.2)d} (3.21)
with units of dB.

3.3 Laser Experiments

3.3.1 Length Optimization

Since most of the research and development of blue fiber lasers has focused on the
optimal length for the single wavelength excitation scheme, similar optimization work had to be
accomplished for this project. The biggest hurdle to overcome in the creation of blue lasing from
Tm:ZBLAN fiber is the optimization of the fiber length. This optimization is required since the
lasing transition (‘G4 — *Hg) is ground state terminated (GST). The effect of GST is the
reabsorption of signal photons if the entire length of fiber is not excited from the ground state.
Hence, a destructive test was used to evaluate the optimal length of fiber needed.

This experiment (shown in Figure 3-4) utilized a cut-back measurement to determine the
fluorescence power of the 480 nm transition change as the fiber was shortened by 10 cm for each

Detector I:,I'__l Lock-In
]

S— |

ﬁ Chopper |

LD
/DCD Rail e T
Collimating )
Lens\e: FL1 F)I-QD Filters
N
NAYLE - V' TmZBLAN
DM

Figure 3-4. Cut-back experiment schematic. LD is a 785 nm laser diode,
DM is a dichroic mirror, FL1 is a long-working distance, 20X objective
that is corrected for chromatic aberrations, FL2 is a standard 20X
objective, and the filters are placed on a rail to ensure similar orientation for
each use.

new data point until the physical limit of the arrangement was reached at a fiber length of 0.4 m.

Light from the fiber-coupled Nd: YLF (at 1047 nm) and the laser diode (at 785 nm) was
collimated and then combined with a dichroic mirror. This light was then incident on a specially
designed objective which had a magnification of 20 and was corrected for chromatic aberrations.
The light emitted from the fiber was collimated by a standard 20X objective, and filters were used
to control the wavelength region passed to improve the signal to noise ratio. For further
improvements to this ratio, lock-in detection was used.
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3.3.2 CW Laser Configurations

Another significant consideration in the development of a laser is the amount of loss in
the cavity. Since the gain material is fiber, and therefore flexible, numerous cavity shapes are
possible. Also, the dual wavelength pumping scheme affords numerous methods by which to
couple the light into the fiber.

The most feasible laser configurations are shown in schematic in Figure 3-5. There are
four different configurations depicted in the schematic. In all configurations, the two diode lasers

' LD
l_é_;
i
T DM2 . Detection
| ] Il
:_I:P_: s Optics
,/'CP e
Collimating FL1 FL2 X
Lenses ! J\ OoC
AN [l f.
Y Y Tm:ZBLAN
Nd:YLF
DM1 HRHT

Figure 3-5. Possible cavity configurations and pumping schemes for dual wavelength
pumped laser operation. The small dashes indicate items that could be moved/added
to change from single end to dual end pumping where DML is a beam combiner and
DM?2 is a high reflector at the signal wavelength. The long dashes on the HRHT and
output coupler denote the two possible locations for these mirrors. The detection
optics are co-linear with the fiber end if DM2 is not used.

are coupled into a piece of Tm:ZBLAN fiber. Two mirrors, a high reflector, high transmitter
(HRHT) which is ~99% reflective at 480 nm and ~99% transmissive at the pump wavelengths,
and an output coupler (OC) which transmit ~99% of the pump laser wavelengths and is highly
reflective at 480 nm, define the cavity of the laser. The exact reflectivity of the OC is another
parameter that can be optimized by experimentation.




4. Results and Discussions

4.1 Gain Material Spectroscopy

Once the IR light has excited the Tm ions to the 'Gy state, there are numerous routes by
which the ions can relax to the *Hg state. Since the majority of the relaxations are radiative, we
studied the fluorescence of the fiber after excitation by an argon laser operating at 457.6 nm
arranged as shown in Figure 3-1. Other available lines from the argon shorter than 490 nm were
observed to cause fluorescence in the fiber, however, we recorded upconversion fluorescence
when using the 457.6 nm line for excitation (see Figure 4-1). The spectrum in Figure 4-1 was
recorded with 60 mW of light incident on the lens used to couple light into the fiber. Since only

Tm:ZBLAN Fluorescence Spectrum
60 mW @ 457.6 nm, 38 cm plece of fiber

0.0225 - Pump
r
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Figure 4-1. Laser induced, end light fluorescence of Tm:ZBLAN fiber. Separate transitions are
labeled with letters. Features “A” and “B” result from an upconversion process. Fiber length was
chosen to limit reabsorption effects, and 60 mW of pump power were incident on the coupling
lens. Legend text shows the multiplicative factors for each spectral region.

50% of light incident on a coupling lens is typically launched into the fiber, we see upconversion
processes, features “A” and “B”, with only 30 mW of intra-fiber power. The transitions
involved in each feature are listed in Table 4-1. All features which result from single pump
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Table 4-1. Observed transitions in Tm:ZBLAN fiber. An asterisk (*) denotes transitions used
to determine energy level locations. NA denotes an inability to obtain a measurement due to

spectral blending.
Peak Label (Figure 4-1) Transition(s) Peak Wavelength (nm) FWHM (nm)
a D, — *He* 363.0 6.5 )
b D, - *H, 446.5 NA
c 1G, — 3Hg* 480.0 11.0
d 'D, - *Hs 511.0 NA
e G, - 3H,* 648.5 NA
Ip, - 3F,* 657.6 NA
f D, = 3F,* 746.5 NA
g 3Fy — *Hg* 807.0 30.0
h G, = 3F, 1187.0 65.5
3F; — 3H,
i 3Hs — 3H; 1229.0 NA
j 'D, = 'Gy 1294.5 16.5
k 1G4 — 3F; 1460.5 126.5
3F, > °H,
1 1G4, — °F, 1627.5 NA

photon absorption agree with those published by Davey and France who used a pump
wavelength which was not resonant with an excited state absorption in Tm. 20 As expected, there
were a considerable number of transitions, and all of these exhibit the broad nature associated
with Stark multiplet transitions in an anisotropic host.

4.1.1 Energy Level Calculation

These spectral features were used to determine the energy level locations of the Tm3* 4f
electronic states. These values were determined from a least squares fit of observed transitions
to the theory first outlined by Dieke (discussed in 3.1.1) and appear in Table 4-25
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Table 4-2. Energy level locations as determined from transitions noted in Table 4-1. All energy
levels produce transitions within the spectral widths of the features in Figure 4-1.

Level Energy (10° cm™)
3p, 42225
°P, 41.776
3Py 40.554
Te 32.065
D, 27.598
'G, 20.869
’F, 14.164
3F, 14.146
3F, 12.392
3H; 8.155
3H, 5.448
3H; 0.000
Fit Parameters
Transitions 7
F, 416.52
F, 66.5459
Fe 5.32902
¢ -1305.51
Standard Deviation (cm™) 16.0749

Due to the significant blending of the spectral features in the infrared, only the visible and
very near infrared transitions were used for the fit. Thus, only a small number of transitions
could be used. However, the number of transitions is greater than the number of parameters and
hence the fit produces viable energy level locations.

Considerable effort was put forth to verify the fitting routine. While raw data from other
experiments was not available, previously published values for F, and { were available and used.
It has been reported that the ratio of {/F, should be approximately six which results in the 3F,
and *H, levels being interchanged in Figure 2-3.2! The initial guesses for the computer code were
set to these values with the aforementioned levels interchanged in the assignment of the recorded
transitions and a poor fit was obtained with fit parameters approximately equal to those in Table
4-2. With these transitions reassigned to the level locations in Figure 2-3, the locations and
parameters do agree with those published by Spedding.'!
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4.1.2 Cross Section Calculation

The emission spectrum in Figure 4-1 was analyzed with the method described in 3.1.2, and
Figure 4-2 shows plots of the emission and absorption cross sections of the 480 nm transition.

Emission Cross Section: 164 —-> 3HS

o, (10%° m?)

470 480 4390 500 510
Favelength (nm)

(a)

absorption Cross Section: 164 -> 3H6

G, (10 m?)

470 480 430 500 510
Ravelength (nm)

(b)

Figure 4-2. Sample emission and calculated absorption cross section for the 'G, — *Hg
transition in Tm:ZBLAN. The emission cross section (a) was determined by fitting the end
light fluorescence signal in Figure 4-1 while McCumber theory was used to calculate the

absorption cross section (b).

The actual values of the cross sections are approximately two orders of magnitude different than
those published recently (reported as being 10%’ m? in magnitude).”? This may be the result of
an improper normalization or unit conversion in the calculation of the peak value of the emission
cross section. Also, this reference shows the absorption cross section is lower than that of
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emission. This may be correct, however, both calculations were based on the same theory and
produce a factor of about seven for the ratio of the larger to smaller peak value. No information
on where the other values for the emission and absorption cross sections were obtained for Ref.
22.

The pertinent Gaussian fit parameters and cross sections appear in Table 4-3.
Unfortunately, all of the IR and some of the visible features suffer from the blending of multiple
transitions and hence, functions fitting individual transitions could not be generated.

Table 4-3. Absorption and emission cross section values for some UV and visible transitions in
Tm:ZBLAN. Gaussian fit parameters were used in Figure 4-2 to create a wavelength dependent
expression for the emission cross section. McCumber theory was then used to determine the

absorption cross section of each transition.

Transition
D, - *Hg G, — *Hg G, — 3H,
Lifetime (s) 800 1240 1200
Absorption Cross Section
Peak Wavelength (nm) 342.6 476.7 599.8
Mean Wavelength (nm) 342.6 476.6 595.0
Cross Section Peak (m?) 3.07424*10° 2.18521*10°% 1.05585*10°%
Line Width (nm) 8.3 7.5 19.2
Emission Cross Section )
Peak Wavelength (nm) 362.5 479.0 648.4
Mean Wavelength (nm) 362.4 479.3 650.3
Cross Section Peak (m?) 1.91697%10% 3.09678*10°% 4.53484*10%
Line Width (nm) 6.4 7.8 18.6
Sum Square Error 0.00783 0.00708 0.00533

4.1.3 Decay Lifetime Measurements

Using the procedure established in 3.1.3, the decay lifetimes of the different spectral
features in Figure 4-1 were determined using the experimental arrangement in Figure 3-2. Once
again, spectral blending prohibited the collection data on many of the features. These blended
features would show a multiple exponential decay with values that could not necessarily be
attributed to a single transition. Hence, only the visible transitions were investigated.




The lifetime of the lasing transition was easily determined by detecting the 480 nm signal
as a function of time after exposure by the 457.6 nm excitation. Figure 4-3 shows the signal
averaged after 256 exposures for 100 ms with a 400 ms non-exposed time in between. Clearly
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Figure 4-3. Spontaneous emission lifetime of the G, — 3H, transition. Open circles are
the experimental data points and the line is the exponential fit described by the parameters
of equation (4.1).

this data is exponential and a fit to the data of:
Y=y, +A exp{x;xo} @4.1)

1
shows little deviations from the exponential curve. This method found that the decay rate of the
laser transition is (0.839 + 0.032) ms. This and other values obtained from this experiment were
similar to those presented in Sanz, et al.2 However, there are some deviations which may be
attributable to the exact composition of the host, the use of Tm:ZBLAN in fiber form for this
lifetime measurement, and the experimental method used to collect this data.

4.2 Small Signal Gain

With GST being such a significant hurdle to the development of a laser, the computer
code discussed in 3.2.2 was used to simulate the small signal gain as a function of fiber length.
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While numerous approximations were made with this code it was believed to yield results to
within a few tens of centimeters.

No data was available to verify this routine, however, by investigating the extremes of the
pump powers one could get an idea if the code was operating properly. As expected, when the
785 nm power was extremely small, no significant gain was apparent at the signal wavelength.
Similarly, no significant gain was apparent when the 1047 nm light was not used. Also, the
output of the computer code generated the expected functional form for a GST transition (see
Figure 4-4). At shorter lengths, a significant number of pump photons are not being absorbed by

=T
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Figure 4-4. Gain from dual wavelength pumped blue fiber laser as a function of fiber
length as predicted by the model described in 3.2.2.

the dopant in the fiber. An inversion has taken place, but the gain is low. At long fiber lengths,
too few 785 nm photons exist to depopulate the ground state. Hence, the fiber turns lossy at the
480 nm wavelength, and the signal is significantly depleted; GST phenomena is occurring at
lengths over 0.8 m. It is clear that the optimal gain is achieved at 0.7 m using pump powers of
35 mW and 250 mW for the 785 nm and 1047 nm, respectively.

4.3 Laser Results

While considerable delays in procurement and the unavailability to obtain some items
kept this project from meeting all of the preliminary goals, this section will discuss the work
completed by the end of this project. With the completion of the topics discussed in this
section, only the physical alignment of the cavity should be required to obtain lasing at 480 nm,
and this work will continue as the “Pulsed Blue Laser” project funded by Air Force Materiel
Command.
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4.3.1 Optimal Length

To verify that the results of the previous section were correct, a cut-back experiment, as
depicted in Figure 3-4, was performed on 3 m of Tm:ZBLAN fiber. Both pump lasers were set
to the maximum output power (70 mW and 500 mW) resulting in intra-fiber pump powers of
35 mW and 250 mW for the 785 nm and 1047 nm, respectively, assuming a coupling efficiency
of 50%.

The data collected for the 480 nm fluorescence power, which has been corrected for the
filter and detector responses, appears in Figure 4-5. The error bars on each data point arise from
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Figure 4-5. Fluorescence output power of 430 nm band as recorded through cut-
back experiment. The error bars are estimated at 7% due to cleaving the fiber end
after each cut. Due to this cleaving process, the fiber lengths are good to £3 cm.

an assumed 7% loss in power due to the cleave at the output end of the fiber which had to be
reaccomplished for each different fiber length. This error is believed to dominate the all other
measurable errors possible in the data, e.g., the raw data errors were less than 1%. While not
shown, the x data points have +3 cm error in the length in an attempt to ensure suitable cleaves.
This figure shows a considerably different curve than that predicted by the model. Here,
the maximum fluorescence power (which is related to gain) is optimal at 2.4 m. This can be
explained by the number of transitions used in the model. Recall the model assumed all excited
population was elevated to the 1G, level before relaxing down to ground with the emission of a
480 nm photon. Also, it was assumed that only 480 nm light was being produced. Clearly in the
experiment, numerous possible deviations from the model assumptions can occur. First, the 1G,
level can relax with the emission of a photon near 650 nm or 780 nm, and these transitions would
compete for the population of the 1G, level. Second, the electron may not reach the 1G, level and
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instead relax back down to ground from the *F, level with the emission of a photon around
800 nm. '

The model and the experiment show similar trends prior to and after the optimal value,
but the experiment shows two steeply increasing sections followed by plateaus or losses in
output power. Two possible explanations for these features that did not enter the model are the
emission of other wavelengths (as described in the last paragraph) from the 'G, or °F, levels, or a
non-uniformity in the fiber dopant profile as a function of length. The former of these should be
investigated in the future while the latter of these may be cost prohibitive.

4.3.2 Optimal Configuration

The optimal configuration of the blue fiber laser in this context implies that the system
has limited intra-cavity losses and allows the blue laser output to be controllable with a minimal
amount of optics. For the former requirement, one will investigate the components that have
long dashed lines in Figure 3-5 (the mirrors), while the latter requirement implies a determination
of which method of coupling the pump lasers will be most beneficial (the short dashed lines in
Figure 3-5).

The best mode of operation for the blue laser output would be the configuration which
places both pump lasers at the same end of the fiber with the HRHT mirror. In this manner, one
optic can be used to control the laser emission exiting the cavity through the OC mirror. If the
dual end pumped configuration were used, the optic at the output end of the fiber laser would be
required to couple the pump light into the fiber and control the blue laser output. This would
limit the efficiency of the laser and the controllability of the output emission. Since this project
can be used for numerous Air Force signal processing applications, the control of the output
emission is critical to allow the most cost efficient system.

To minimize the cavity losses, the gain values calculated from the model where used to
investigate the effects of putting a single lens in the cavity. To date, multi-element microscope
objectives have given the best coupling efficiencies, but the exact number of elements in a
particular objective differs. While there is more loss from the microscope objectives, using the
losses occurring from a single element show the effects of an intra-cavity optic.

To demonstrate the effect of the intra-cavity optic losses, the peak small signal gain
calculated by the code described earlier was reduced by the losses associated with the two cavity
configurations. The resulting gain available was then determined and plotted in Figure 4-6. Here
the upper curve is the predicted peak gain obtained as a function of the intra-fiber 785 nm power
when the cavity contains only the fiber, i.e., the mirrors are butted to the cleaved fiber ends and
the pump light is coupled through mirror and into the fiber. The lower curve shows the same
effect with a single element coupling lens intra-cavity. The difference curve represents the
external minus the internal coupling value.
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The two values shown above the difference curve represent the difference in gain from the
two arrangements. At 35 mW of 785 nm power in the fiber, the gain is increased by 0.16 dB if

Cavity Configuration Comparison
R2 = 90%; 1047 nm power = 250 mW

Y (dB)

—e—I|nternal Coupling
—0—External Coupling

— — — =Difference

0.36

100

200 300
785 nm Power (mW)

Figure 4-6. Comparison of two possible cavity configurations. The internal coupling
configuration utilizes a single element optic between the fiber end and the mirror to launch
light into the fiber while the external coupling uses the mirrors butted to the fiber ends and
the lenses to couple the light through the mirrors and into the fiber.

the mirrors are butted to the fiber ends and the focusing lenses are external to the cavity.
Similarly, if 500 mW of 785 nm was available, 0.36 dB more gain would be available with external
coupling lenses. Recall that these differences were obtained by assuming a single element, yet no
single element lens has been able to match the coupling efficiency of a microscope objective.
However, objectives are typically multi-element and therefore would add 16% loss per element
per objective. Thus, the losses obtained by placing three element objectives intra-cavity would
reduce the gain considerably and thus would ot be an optimal CW laser configuration.

Therefore, an external coupling lens with both lasers coupled through the HRHT would be the

optimal configuration.
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5. Conclusions

Semiconductor diodes that emit in the blue region of the spectrum are not the only
possible candidate for compact blue sources. Thulium-doped fluorozirconate, Tm:ZBLAN, fiber
has lased at 480 nm with output powers greater than 100 mW when pumped with IR diodes.*
This high output power was obtained with a single wavelength pumping scheme using light near
1130 nm. Since this single wavelength requires the absorption of three photons on three different
transitions, the slope efficiency of the laser is low, and the effect of having a small deviation in
the pump laser operating wavelength can drastically change the efficiency of the system. Hence,
we propose a dual wavelength pumping scheme.

Because this excitation scheme uses two wavelengths for two different transitions, the
wavelength of each pump laser can be selected to match the individual absorption maximum.
Because the absorption (and emission) of light in Tm:ZBLAN fibers occurs over large wavelength
regions, the wavelength requirements for the pump lasers are relaxed resulting in cheaper pump
lasers. The wavelengths which optimize the 3Hs — 3F, and °F; — G, transitions are 785 nm
and 1047 nm, respectively.

This report has presented numerous areas of research that have been completed to gain an
understanding of the gain material and experimental procedures. These experiments included the
collection of the laser induced fluorescence and spontaneous emission lifetimes of the
fluorescence features. The fluorescence spectra was also used to determine the 4f electronic
energy states in Tm:ZBLAN fiber. This analysis resulted in the energy level locations and
parameters that describe the electronic processes of the Tm ion: the Slater integrals, F,, F4, and
Fg, and the spin-orbit constant, {. These values, and the resulting energy level locations, agree
with the recent publications on Tm:ZBLAN fiber lasers.?>**

The fluorescence spectra also allowed the determination of the absorption and emission
cross sections in the visible region of the spectrum. This analysis was intended for use in a
wavelength dependent computer model to determine the optimal pumping scheme for laser
emission. However, the significant blending of the IR features (where upconversion pumping
would take place) did not allow absolute measurement of the emission profile of individual
transitions. Hence, a wavelength dependent model could not be created.

A simulation was created to obtain an approximation to the correct fiber length to achieve
optimal small signal gain on the !G4 — F, transition. This model, designed to be simple, made
some approximations about the transitions involved in the emission of 480 nm photons. Due to
these approximations, the model did not agree with the data obtained from a cut-back experiment
which investigated fluorescence power as a function of the fiber length. This experiment showed
that 2.4 m of fiber doped at 1000 ppm Tm concentration yields the highest fluorescence power
(~450 nW) which is proportional to the gain available in the fiber. There were some interesting
deviations in the expected trend for this data which may be explained through a spectral
investigation of the 480, 650, and 800 nm wavelength regions for differing lengths of fiber.

Finally, several possible CW laser cavity configurations employing the dual wavelength
pumping scheme where analyzed. The key factors in this analysis where the controllability of
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the blue laser emission and minimization of the intra-cavity loss. This analysis showed that the
single end pumped design will allow the most versatile control of the blue laser emission. Cavity
losses will be diminished, available gain increased, and slope efficiency increased if the lenses
used to couple the light into and capture the light emitted from the fiber are removed from the
cavity to allow the mirrors to be butted against the cleaved fiber facets. While the difference in
available peak gain was significant when only a single element coupling lens was introduced into
the cavity, multi-element microscope objectives have shown the best coupling efficiencies causing
the intra-cavity coupling arrangement to be even less attractive.
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6. Recommendations

It is recommended that work continue on this program as the development of a compact,
blue laser source will have significant impact in optical memory systems, inspections systems,
and chemical agent detection to name a few applications. This two year effort began the
investigation into blue fiber lasers at this laboratory, and now as the effort draws to a close, all of
the required equipment for the initial laser development has arrived in-house.

As work presses onward, the first issue which should be addressed is the reason for the
deviations from a steady increase of fluorescence power as a function of fiber length. It is
believed that there are some competing transitions resulting in the plateaus and dips that deviate
from the expected trend.

Upon determining the cause of these features, CW lasing should be attempted in the
optimal cavity arrangement with 2.4 m of fiber as the gain material. This length of fiber, when
excited with the dual wavelength pumping scheme, showed the largest fluorescence power.
Hence, more spontaneous photons will be available to get the lasing process started.

After CW lasing has been achieved, a study of the blue emission parameters is
recommended. These include, but are not limited to, the slope efficiency, the spatial mode, the
threshold, the pump laser power effects on the threshold and slope efficiency, the maximum
output power, the proper output coupler, the relative intensity noise (RIN), etc.

For the mode locked operation proposed for this effort, new devices must be grown. The
most probable method to obtain these devices is through a contract with companies already
growing devices which are optically active at 480 nm. Equipment to characterize these devices
has already been purchased, and with the growth of these devices, this experiment should be
built.

With devices that appear to have the proper recombination times, mode locked operation
of the blue fiber laser should be attempted. Once achieved, similar measurements of the powers,
noise, spectrum, spatial mode, etc. should be made.
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