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CHAPTER I 

SITE SELECTIVE SPECTROSCOPY 

Experiment 

Site-selective spectroscopy in Nd:Ba2MgGe20 7 (Nd:BMAG) was per­

formed using a Molectron UV-14 nitrogren laser to pump a Molectron DL-II dye 

laser. Such a system achieves tunable pulses of 10 ns duration, less than half 

an angstrom in pulsewidth, and pulse energy of 100 mJ. The dyes used were 

Coumarin-440 and Rhodimine-590 in ethanol, with approximate tuning ranges of 

420-460 nm and 570-600 nm. 

The sample measured 0.5~ x 0~825 x 1.02 cm3, with the long axis parallel 

to the C-axis of the host. The approximate Nd3+ ion concentration was 2 molar 

percent or 1x1020 ::: • The sample was mounted on the copper cold finger of a 

helium dewar, capable of reaching temperatures as low as 10 K. The sample was 

oriented such that the laser pump pulses propagated along the C-axis (E .L C, 
since E is always ..L to the direction of propagation), and the fluorescence was 

monitored perpendicular to the C-axis (see Fig. 1). 

Sample fluorescence was collected and focused upon the entrance slit of a 

Spex 1-meter monochromator by a series of lenses. A cutoff filter was inserted at 

the entrance slit to block the scattered pump laser light. The signal was detected 

with a 7102 Vis-Near IR photomultiplier tube and processed by a boxcar integrator. 

The output of the boxcar was recorded on a strip chart recorder. 

Two site selective spectroscopy experiments were performed at 10 K using 

the basic experimental setup shown in Fig. 1: zero order excitation and fluores­

cence. The zero order excitation experiment varies the excitation wavelength as 

1 
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Figure 1. Block Diagram of the Site-Selective Spectroscopy Experiment. 
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both the delay time (the time elapsed between the instant the pump pulse leaves 

the laser and when the boxcar begins to integrate the emission signal) and emission 

wavelength are held constant. It is called "zero order" because the monochroma­

tor is set to allow the zero order of the diffraction grating to pass on to the IR 

detector. In short, the monochromator is effectively removed from the experiment 

and the entire polychromatic fluorescent emission of the sample is received by the 

detector. The intensity of the fluorescent emission is plotted versus the excitation 

wavelength of the dye laser. Because regions of high fluorescent emission are the 

direct result of strong sample absorption of the excitation wavelength, zero order 

excitation spectra are an indirect way to determine the spectral positions of the 

absorption bands of the sample in the tuning region of the laser dye. The advan­

tage of zero order excitation over traditional absorption measurements is that high 

resolution (on the order of the Full Width at Half Maximum (FWHM) of the dye 

laser pulse) is obtained without drastic reduction in signal strength. 

The fluorescence experiment holds the excitation wavelength constant and 

varies the monochromator transmission wavelength. The transmitted emission at 

each wavelength is amplified by the detector and integrated over time by the box­

car. The resulting signal, when plotted versus the monochromator wavelength, 

gives the spectral dependence of the emission for a known, constant, excitation 

wavelength. Wavelength resolution is limited by the monochromator slit widths, 

the monochromator scan speed, and the scroll speed of the strip chart recorder. 

The high resolution (1 A) required to distinguish the relative emission wavelengths 

of the sites necessitates narrow slit widths, slow monochromator scan speeds, and 

long strip chart recordings. Because narrowing the slits decreases the light gather­

ing capability of the monochromator, the signal strength decreases. This trade-off 

between intensity and resolution poses problems for site selective fluorescence when 

the sample emission is weak. The signal to noise ratio for site selective :fluorescence 

measurements was improved by placing a 1 Mn external load resistor in parallel 

to the boxcar to reduce the input impedance of the boxcar. 
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Excitation 

Figure 2 is the zero order excitation spectrum of Nd:BMAG for the tuning 

range of Coumarin-440 dye at 10 K. The spectra has been corrected for filter, 

grating, and detector response, but not for the dye response. The spectra shows 

peaks in the 429 to 437 nm range, corresponding to 23,310 to 22,880 cm-1 . From 

the Dieke rare earth energy level diagram [1], the manifolds closest to this energy 

range are 2 D 512 , 2 P112 , and 40 1112 with approximate free ion energies of 23800, 

23200, and 22000 cm-1 respectively. The excitation peaks in Fig. 2 are assigned 

to the 2 P112 manifold because the 2 P312 free ion energy lies within the region where 

excitation peaks were observed. Since 2 P112 consists of only one Stark component, 

each peak observed in Fig. 2 is a 2 P112 energy level for the different crystal field 

sites of Nd3+ in BMAG. 

The sites associated with the excitation peaks have been labelled in Fig.2. 

The nomenclature is arbitrary and has no relevance to group theory. Each site has a 

letter associated with it (i.e. A, B, C, or D) which is useful in catagorizing its gross 

spectroscopic properties. Low temperature absorption spectra in Nd:Ba2ZnGe20 7 

(Nd:BZAG) [2], a similar material, reveal only four absorption bands in the 2 P112 

spectral region. The absorption peak wavelengths of the four sites in Nd:BZAG 

agree with the four groupings of excitation peaks observed in Nd:BMAG, so the 

A, B, C, D-notation established for BZAG was adopted for BMAG as well. The 

high resolution of zero order excitation showed each letter site to be composed 

of subsites. Subsites are numbered, with ascending integers indicating descending 

energy of the 2 P112 manifold. 

The intensity of the excitation peaks is directly proportional to the absorp­

tion coefficient (see Eq. 56) at the excitation wavelength, the emission strength of 

the site, and the dye response at the pump wavelength. The exact dye response 

was not measured, but it is possible to make a few qualitative statements about it: 

(1) the dye peaks at approximately 433 nm and (2) it tails off at the wavelength 

limits of the excitation spectra. With this in mind, site A2 is the strongest emitter, 
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followed closely by sites D5 and C4. Increasing the resolution of the experiment 

by using an etalon may reveal more sites than the 15 shown in Fig. 2 

Although the actual charge compensated substitutional sites associated 

with the excitation peaks are unknown, comparison of the excitation spectrum 

of Nd:BMAG with the absorption spectrum of Nd:BZAG shows that the B site 

is greatly reduced in BMAG. The A, C, and D sites in the two materials have 

nearly identical spectral shape and relative heights. In Nd:BZAG, the Nd3+ ion 

substitutes for Ba2+ easily, Zn2+ with difficulty, and never substitutes for Ge4+ [2]. 

The reasoning behind this assertion is that the large Nd3+ ion (radius = 0.995 A) 

easily can fit into the large Ba2+ site (radius = 1.34 A), has difficulty substituting 

for Zn2+ (radius = 0.74 A), and is too large to substitute for Ge4+ (radius = 0.53 

A) [3]. Under the same argument Nd3+ would have greater difficulty substituting 

for Mg2+ (radius= 0.66 A) in BMAG than Zn2+ in BZAG. So under crystal ionic 

radii considerations, the B site in Nd:BZAG is the Zn2+ site, and the A, C, and D 

sites in BMAG are due to Nd3+ substituion for Ba2+ or Ge4+. 

Figure 3 is the zero order excitation spectrum at 10 K for Rhodomine-590 

pumping of the 2 G712 and 4G512 manifolds. The 2G712 manifold has four Stark 

components and 4 G512 has three, so there should be 105 excitation peaks due to 

the 15 sites in Fig. 3. Only 30 distinct peaks are seen in the excitation spectrum 

because spectral overlap and stong emission from the A sites obscures the emission 

from the other weakly emitting sites. This convolution presents a problem for site­

selective spectroscopy because single site excitation is impossible, and there is no 

obvious correspondence between the excitation peaks observed for Rhodimine-590 

pumping and the sites revealed by Coumarin-440 pumping. 

Fluorescence 

With the sites identified by the 2 P112 zero order excitation spectrum, it 

was possible to pump individual sites with Coumarin-440 dye laser pulses and 

observe the fluorescence emitted from transitions from 4 F312 to the 411112 and 

41912 manifolds. Absorption band overlap of the different sites is minimal in the 
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2 P1; 2 region, and it is possible to obtain fluorescence spectra free of extraneous 

lines from other sites. Figure 4 shows three stacked fluorescence spectra at 10 

K indicative of sites A2, C4, and D5 for 2 P1; 2 pumping. Energy transfer between 

sites is inhibited at 10 K (discussed later), so when electrons of a particular site are 

excited to the 2 P1; 2 level, they radiatively relax and emit fluorescence characteristic 

of the site pumped. The :fluorescence peaks have intensity proportional to the 

transition dipole moment and a wavelength proportional to the separation between 

the electronic energy levels of the site. 

The low wavelength, high intensity peak within each spectrum in Fig. 

4 is the transition between the lowest lying Stark levels of the 4F3; 2 and 4111; 2 

manifolds, and is the one that is expected to lase. These highly intense "laser 

transitions" appear at distinctly different wavelengths between sites with different 

letter labels (i.e. A vs. D). A rough rule of thumb is 1050, 1060, 1070, and 1080 

nm for sites A, B, C, and D 'respectively. As discussed earlier, these letter sites are 

believed to be different substitutional sites for Nd3+ in the BMAG host (i.e. Nd3+ 

substituted for Ba). The lasing wavelengths differ among sites by amounts similar 

to that for N d3+ between hosts. Such large perturbations in the energy levels are 

due to distinctly different local crystal fields, and the simplest explanation for large 

variation of the local crystal field between sites is substitution. 

The lasing wavelengths of the numbered sites of the same letter (i.e. Al, 

A2, A3, ... ) have wavelengths which vary by 5 to 10 angstroms. Because the spec­

troscopic differences are minimal between these sites, they are called "subsites". 

The subsites are believed to be distinguished by perturbations in the substitional 

site crystal field due to inhomogeneities about the substitutional site (lattice de­

fects, impurities, nearest neighbor Nd3+ ions, etc.). 

Selectively pumping the different excitation peaks in the 2 P1; 2 spectral re­

gion lead to the identification of the lowest lying Stark levels of the 4F3; 2 , 4111; 2, 

and 419; 2 manifolds for the fifteen sites of Nd:BMAG. The excitation spectrum 

of the 2G7; 2 + 4G5; 2 manifolds promised severe problems for site selection. Only 

30 of the 105 excitation peaks were distinct in the zero order excitation spectrum, 



~ ·; 
c 
.! c -.,, 
• N = D 

~ 
0 
z 

A2 

C4 

05 

1050 1060 1070 1080 1090 1100 1110 1120 

Wavelength (nm) 

Figure 4. Fluorescence from 4 F312 to 4 Iu12 Transitions for Different Sites at 10 K. 



10 

so absorption band overlap and multi-site emission were expected to make inter­

pretation of the fluorescence spectra difficult. The problem was resolved using 

tuning/ detuning techniques. 

Tuning and detuning at 10 K were key experimental techniques for deter­

mining the sites in the 2G7; 2 + 4G5; 2 multiplets. Figure 5 shows a representative 

spectra where a "tuned" and "detuned" spectra are overlaid. Comparison of the 

relative line strengths between the tuned and detuned spectra determines the flu­

orescence peaks associated with each excitation. The dashed "detuned" spectra is 

the fluorescence recorded when the sample was pumped two angstroms below the 

585.8 nm excitation peak. The detuned spectra has emission at 1052 and 1053.5 

nm corresponding to the lasing transitions for sites Al and A2. The solid spec­

trum is the fluorescence observed when the excitation wavelength is "tuned" to 

the excitation peak. The absence of the 1052 nm emission in the tuned spectrum 

infers that the excitation peak at 585.8 nm corresponds to the site that emits at 

1053.5 nm, site A2. It is interesting to note what a dramatic difference a slight 

change in excitation wavelength has upon site selection for the broad excitation 

peaks in Fig. 3. 

The results of the spectroscopic energy level identification for the sites 

of Nd:BMAG at 10 K are presented in Fig. 6 and Table I. The energy of the 

levels generally decrease from sites A to D. Although the splittings of individual 

multiplets are precise to within 5 cm-1, the absolute energy of the multiplet has an 

accuracy 30 cm-1• The poor accuracy is due to daily variations in the spectrometer 

and backlash in the dials, and the high precision is due to high resolution within 

a scan. 

To briefly summarize, zero order excitation of the 2 P1; 2 spectral region 

in Nd:BMAG reveals fifteen distinct nonequivalent crystal field sites for Nd3+ in 

the BMAG host. The energy levels are proposed to be strongly perturbed by the 

substitution site (letter label), and weakly perturbed by inhomogeneities about 

the substitution site (number label). Comparison of atomic radii and absorption 
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TABLE I 

EXPERIMENTAL ENERGY LEVELS OF THE 
CRYSTAL FIELD SITES OF 

Nd:BMAG AT lOK. 

Site Manifold 
Label 4 !9;2 4111;2 4F3;2 2G1;2 + 4Gs;2 

Al 0 1915 11423 17076 23285 
2011 17097 
2068 17161 
2129 17355 
2149 17394 

A2 0 1921 11414 17071 . 23271 
2015 17138 
2048 17229 
2142 17346 
2156 17379 

A3 0 1896 11383 17123 23261 
17132 

A4 0 1910 11393 17047 23261 
2004 17218 
2060 17364 
2117 

A5 0 1915 11380 23243 

A6 0 1910 11370 23220 

B 0 1921 11312 23107 
2024 
2048 



14 

TABLE I (Continued) 

Site Manifold 
Label 4 1912 411112 4F312 2G112 + 4Gs12 

Cl 0 1901 11259 23027 

C2 0 1958 11321 22996 

C3 0 1925 11280 22961 

C4 0 1919 11263 16697 22948 
156 2012 16883 
188 2052 17091 
304 2123 17328 
555 2253 

2303 

Dl 0 1984 11260 22933 

D2 0 1935 11249 22924 

D3 0 1935 11240 22911 

D4 0 ·1932 11226 16661 22911 
16798 
16846 

D5 0 1823 11095 16661 22897 
130 1898 16716 
360 2074 16725 

16750 
16793 
16801 
17304 
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of Nd:BZAG with zero order excitation of Nd:BMAG lead to the tentative iden­

tification of Ba2+ and Ge4+ as probable substitutional sites in the host associated 

with sites A, C, and D for Nd:BMAG. Fluorescence at 10 K shows that the lasing 

transition wavelength ranges from 1050 to 1080 nm depending upon the site. 



CHAPTER II 

ENERGY TRANSFER 

Experiment 

The energy transfer experiment was designed to increase the sample tem­

perature in 30 degree intervals from 10 K, and search for time dependent energy 

transfer at each temperature. The 2 P112 level was selected as the pump level to 

minimize multi-site emission due to absorption band overlap at the excitation wave­

length. The fluorescence from the 4 F312 to 411112 transitions was monitored because 

of the high intensity and large wavelength separation of the lasing transitions for 

the different sites. 

The experimental arrangement for the energy transfer studies is the same 

as that shown in Fig. 1. A 60 watt heater coil mounted upon the cold finger of the 

dewar was used to elevate the sample temperature from 10 K. A thermal diode was 

used to monitor the temperature at the sample, and a Lake Shore Cryotonics heater 

control unit was used to set and regulate the sample temperature. Coumarin-440 

dye was used in the Molectron nitrogen pumped dye laser to optically pump the 

2 P112 level for each site. The emission scan range was limited from 1045 to 1080 

nm, the range in which the lasing. transitions appear for the fifteen sites. The 

boxcar integrator was set to three different delay times for each temperature: 10 

µs, 200 µs, and 1 ms. The spectral resolution (slit dispersion limited) was 0.5 nm. 

The external load resistor was 200 kn, well under the RC time distortion limit 

( T circuit R:: 0. 2 µs versus T apont R:: 350 µs). 

Temperature and Time Dependent Fluorescence 

Energy transfer between nonequivalent crystal field sites in N d:BMAG is 

predicted from the appearance of the room temperature fluorescence spectrum 

16 
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for 4 F312 --+ 411112 emisssion. Figure 7 is the room temperature fluorescence of 

Nd:BMAG for 589.0 nm excitation. The fluorescence bands are broad and in­

dicative of A site emission. Pumping any site at room temperature results in the 

emission shown in Fig. 7, inferring that energy is being completely transferred to 

site A at room temperature. 

The choice of the sites to study for energy transfer was made with several 

considerations in mind. Since the emission lines broaden with increasing tempera­

ture, resolution of energy transfer between numbered sites of the same substitional 

site (i.e. A3 to A2) would be difficult, if not impossible. No energy transfer was 

observed in preliminary experiments from site A to the other letter sites so A 

pumping was ruled out. Because both temporal and spectral resolution were re­

quired, high emission intensity was necessary. The zero order excitation spectra 

for Coumarin-440 pumping shows that sites D5 and C4 both are intense emitters, 

with negligible absorption band overlap with other sites in the 2 P112 region. Sites 

D5 and C4 were consequently selected for the energy transfer study. 

Figure 8 is a composite of all the temperature dependent fluorescence spec­

tra for D5 site pumping at a time delay of 200 µs after the pulse. The peak at 1078 

nm is the laser transition for the site D5, and the emission at 1053.5 to 1054.5 nm 

is the lasing transition for site A2, thermally shifted to a higher wavelength. Both 

emission peaks broaden and shift with increasing temperature. The energy of the 

optically pumped sensitizer, site D5, is seen to transfer to the activator, site A2. 

No time dependence of the relative line strengths was noted at any tem­

perature in the energy transfer study. Figure 9 expresses the null result for the 

arbitrary temperature of 160 Kand temporal gate width of 0.5µs. Three times are 

represented: 10 µs, 200 µs, and 1 ms. A delay of 10 µs is on the rise time portion 

of the lasing transition fluorescence curve, and is the shortest time delay set for 

which one could maintain a feasible signal to noise ratio in the spectra. Similarily, 

1 ms is the latest point in time for acceptable signal to noise ratio. The delay of 

200 µs corresponds roughly to the peak fluorescent emission in time. The three 

traces in Fig. 9 agree within experimental error. Differences in shape of the lines 
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can be attributed to manual digitization of analog signals with large signal to noise 

ratios. 

The lack of any time dependence seen at 160 Kin Fig. 9 is representative 

for all temperatures studied. The integrated intensity ratios of the lasing transi­

tions for sites D5 and A2 remained constant within experimental error over the 

entire time domain of the :fluorescent emission accessible by the experiment (10 

µs to lms). This leads to the conclusion that either the energy transfer occurs 

during the nonradiative relaxation from the 2 P112 pump level to the 4 F312 storage 

level, or resonant transfer is thermally activated between the Stark components of 

the 4 F312 manifolds of the two sites. Either conclusion addresses the fact that the 

energy transfer is completed prior to 4 F3; 2 emission. 

Figure 10 is the temperature dependent energy transfer from the optically 

pumped sensitizer, C4, to the activator, A2, at 200 µs after the pulse. Like the 

D5 energy transfer scenario, energy transfer from site C4 (emission wavelength 

= 1070 nm) is thermally activated and time independent. The activator, A2, 

emits at 1053.5 nm at low temperatures and is thermally shifted to 1054.5 nm at 

high temperatures. The transfer from site C4 is thermally activated at a lower 

temperature than the D5 transfer. 

Theory of Energy Transfer 

The model used to explain the temperature dependent energy transfer is 

shown in Fig. 11. The sensitizer, S, is the site that is optically pumped (site 

C4 or D5). The activator, A, is the site to which energy is transferred (site A2). 

The energy levels of the sensitizer and activator are displayed side by side. The 

labels Sl, 82, 83, Al, and A2 in Fig. 11 represent Nd3+ ion concentrations in 

the energy levels of the sensitizer and activator, and will also be used to refer to 

particular manifolds and levels of the sites. The 419; 2 manifolds for the sensititizer 

and activator have ion concentrations Sl and Al. The lowest l:ying Stark energy 

level of 4 F3; 2 for the sensitizer is the "metastable state", and has a concentration 

S2. 83 is the ion concentration of the high energy Stark component of 4 F3; 2 , or 
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the "hot band" of the sensitizer. 82, is referred to as the "hot band" because 

its population with respect to the metastable state is governed by a Boltzmann 

constant. The metastable state of the activator has a concentration, A2. As 

temperature increases, the hot band of the sensitizer broadens and overlaps the 

metastable state of the activator. 

The pump rate, WP, involves absorption from 419; 2 to 2 P1; 2 , and fast non­

radiative relaxation to 4F3; 2 • In Fig. 11, 83 is effectively populated by the pump 

rate. The thermal population of the hot band is described by "up" and "down" 

Boltzmann rates (e.g. Bu. and Bd are the "up" and "down" rates for the sensitizer). 

The Stark components of the 4 F3; 2 manifold of the sensitizer are separated by an 

energy gap, D.E8 • Ions decay from the metastable state to 419; 2 with rates Ws and 

Wa for the sensitizer and activator. 

Energy transfer between ions is described by a forward rate, Wsa (from 

sensitizer to activator), and a back transfer rate, Was (from activator to sensi­

tizer). Forward energy transfer involves the demotion of a sensitizer ion from 83 

to Sl with the simultaneous promotion of an activator ion from Al to A2. The 

back transfer process involves demotion from A2 to Al and promotion from Sl to 

S3. It is important to realize that no electrons are transferred between the sites 

even though the energy transfer process may be thought of as an excited electron 

(exciton) moving from ion to ion in the crystal lattice. Because the process is only 

resonant between 83 and A2, thermal population of 83 is required (and no transfer 

is observed at low temperatures). 

The goal of using the rate equation approach is to determine the functional 

dependence of the ratio of the activator and sensitizer intensities. The intensity 

ratio is proportional to the ratio of the number of ions in the metastable states 

of the sensitizer and activator. The emission intensity, l, is related to the excited 

state ion concentration, n by 

l=Wn (1) 
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where Wis the rate of spontaneous emission. So the activator to sensitizer intensity 

ratio is 

(2) 

where Ia and Ia are the integrated intensities of the lasing transitions for the 

activator and sensitizer. Equation 2 is approximately equal because I in Eq. 1 

is the intensity emitted over all solid angle. The intensities in the temperature 

dependent energy transfer experiment were measured for a limited solid angle in 

one crystal orientation and are not equal to I in Eq. 1. 

The rate equations for the energy transfer model are: 

(3) 

(4) 

(5) 

(6) 

(7) 

The five coupled rate equations may be simplified and solved by appealing to the 

qualitative results of the temperature dependent energy transfer experiment. The 

first simplification is realizing that the 10 µs pump pulse may be treated as a 

delta function, with a finite number of excited ions populating S3 after the pulse 

duration. So the pump rate may be set equal to zero in the rate equations after 

S3 is populated. This is a reasonable simplification because the energy transfer 

experiment is insensitive to the transient effects associated with the pump pulse. 

The next simplifications involve the relative magnitudes of the rates in the 

rate equations. Because experiment shows that the relative intensities of the lasing 

transitions are time independent for delays as fast as 10 µs, the energy transfer 

rates must be greater than 10~8 = 105 Hz. The rate of decay to the ground state 
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is the inverse of the fluorescence lifetime 35~µa = 2.86 x 103 Hz. So the energy 

transfer rates are much greater than the fluorescent decay rates, 

(8) 

Similarily, the Boltzmann rates in the model must be faster than the trans­

fer rates. Boltzmann rates depend upon phonon emission and absorption. The 

small wavenumber separation of S2 and S3 (=::; 300 cm-1) may be bridged by single 

phonon absorption or emission. The nonradiative rate for a Germanate crystal 

host is greater than 109 Hz for a single phonon process [4]. Energy transfer rates 

between Nd3+ ions in garnet hosts [5] were found to be much slower (::::i 103 Hz). 

Although the energy transfer experiment does not directly determine the energy 

transfer rate, the approximation 

(9) 

is reasonable and in agreement with results from other materials. If the Boltz­

mann rates were slower than the transfer rates, the model in Fig. 11 would predict 

that transfer between ions would dominate and depopulate S3 regardless of tem­

perature, and the relative line strengths of the sensitizer and activator would be 

temperature independent. 

The final simplification involves applying the steady state solution to the 

rate equations. The basic idea of a steady state solution is that the ion concentra­

tions in all states are static. Steady state is reached in this system at a time between 

the initial population of S3 via the pump pulse, and the onset of fluorescent decay 

from the metastable states (::::i lOµs). The steady state approximation is plausible 

in this time regime because the finite number of excited ions are driven to fixed 

distributions among the 4F3; 2 levels of the sensitizer and activator (rapid Boltz­

mann and energy transfer rates quickly establish equilibrium between S2, S3, and 

A2). The fluorescent decay in this time regime is inconsequential, so the excited 

ion population remains constant. If the excited states did not reach equilibrium, 

the energy transfer observed in the fluorescence would be time dependent. 
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Assuming the delta function pump pulse and retaining the dominant terms 

as defined by Eqs·. 8 and 9, the steady state rate equations become 

Equations 11 and 12 can be rewritten as 

(10) 

(11) 

(12) 

(13) 

(14) 

(15) 

The ratio of the Boltzmann rates may be determined by a Boltzmann exponential 

[6], so Eq. 15 becomes 
S3 _Li.El 
-=e ks 
S2 

(16) 

where kB is Boltzmann's constant and T is the temperature. Equations 10, 13, 

and 14 may be written as 
A2 Wsa 
S3 Was. 

(17) 

·Combining Eqs. 16 and 17, the ratio of ion concentrations in the metastable states 

of the activator and sensitizer may be written as 

(18) 

The rates of fluorescent emission are inversely proportional to the fluorescent life-

time, 

(19) 

(20) 
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where Ts and Ta are the lifetimes of the sensitizer and activator. The integrated 

intensity ratio may be written by combining Eqs. 2, 18, 19, and 20 as 

(21) 

Equation 21 states that the activator to sensitizer integrated intensity ratio is 

proportional to an exponential activation energy involving the energy gap among 

the 4 F3; 2 components of the sensitizer. The constant of proportionality depends 

upon the ratio of forward to back transfer rates, and also depends upon the ratio 

of sensitizer to activator lifetimes. Although Eq. 21 was derived for the time 

regime before fluorescence, the equation is valid during fluorescent emisson because 

the fluorescence lifetimes for the sites at high temperatures (on the order of the 

activation temperature for energy transfer) are equal. This is easily demonstrated 

by assuming an exponential decay to describe the time dependence, 

-t 
I(t) = I(t = O)er-. (22) 

The time-dependent intensity ratio becomes 

(23) 

With Ta =Ts, the intensity ratio becomes time independent 

la(t) la(t = 0) 
-

I11(t) Is(t = 0) 
(24) 

and the intensity ratios reduce to the form of Eq. 21. Because the data suggests 

that the lifetimes of the sensitizer and activator are equal, Eq. 21 may be simplified 

as 
la Wsa _.C.E~ 
-~--e kB. 

111 Was 
(25) 

Figure 12 plots the natural log of the activator to sensitizer intensity ratio 

versus inverse temperature for C4 and D5 site pumping. The integrated intensities 

were determined by Gaussian fits of the lasing transition emission verses temper­

ature. Good Gaussian fits were only obtained over a limited temperature region. 

At low temperatures, the activator emission was too small to accutately integrate. 
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TABLE II 

EXPERIMENTAL ENERGY TRANSFER 
PARAMETERS FOR THE 

SENSITIZERS 
C4 AND D5 

Sensitizer D.Es 

C4 205 cm-1 

D5 276 cm-1 

Wu 
w ... 

14.6 
5.2 

151 cm-1 

319 cm-1 
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At high temperatures, the fluorescence from the activator convoluted the lasing 

transition emission for the sensitizer. The results obtained by linear fits shown in 

Fig. 12 are tabulated in Table IL The sensitizer column refers to the sensitizer 

pumped. D.Es is the activation energy determined by the slope of the linear fit to 

Fig. 12 with Eq. 25, and the intercept was identified with the constant Ww:u. D.Emm ... 
is the energy mismatch at 10 K between the metastable states of the sensitizer and 

activator. Both the activation energy and energy mismatch are higher for site D5 

than C4. The actual Stark spliting of the 4 F3; 2 manifold of the sensitizer was not 

measured. 

The explicit mechanism by which energy transfer occurs was intentionally 

neglected in the rate equation model because (1) it is unclear which specific crys­

tal field sites correspond to sites A2, C4, and D5; and (2) the energy transfer rate 

occurs in a time regime inaccesible by the experiment. However, the basic charac­

teristics of the energy transfer seem clear. The energy transfer is nonradiative, and 

involves either dipole-dipole, dipole-quadrupole, or quadrupole-quadrupole reso­

nance. Following the treatment by Forster, [7] [8] [9] Inokuti and Hirayama [10], 
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the energy transfer rate, W8a, may be described as 

(26) 

where 7 8 is the sensitizer lifetime, Ro is the critical interaction distance, and R is 

the distance between the sensitiizer and activator. The exponent m is 6, 8, and 

10 for dipole-dipole, dipole-quadrupole, and quadrupole-quadrupole interactions 

respectively. Experiment shows that the energy transfer must occur on a time 

scale less than 10 µs (if the time scale of transfer was longer than 10 µs, one would 

observe a time dependence of the relative integrated intensities of the sensitizer and 

activator emission). Since the lifetime of the sensitizer is 350 µs and the energy 

transfer rate must be greater than 101µs = 105 Hz, Eq. 26 implies the Ro > R. 

For the dipole-dipole interaction, the. maximum ion separation, Rmax, for this fast 

transfer rate is related to the critical interaction distance by 

Rmax ::; 0.55Ro (27) 

With no knowledge of the actual crystal sites for the sensitizer and activator, the 

best one can do is estimate ion separation through a homogeneous distribution. 

The problem with assuming a homogeneous distribution is that not only is it 

unphysical (the Nd3+ ions substitute at specific sites), but Forster's theory was 

developed for transfer between distinct sites, not distributions of sites. The mean 

separation between like ions may be determined from 

3 1 

Dmean = 2 · (471"0 )a (28) 

where C is the ion concentration. Assuming that the ion concentration (1 x 1020 

cm-3) is equally distributed among the sites A2, C4, and D5, the mean distance 

between two like ions is 39 A. Using the critical interaction distance for impurity 

ions in Nd:YV04 [11] of 14 A as a crude estimate of the critical interaction distance, 

the sensitizer-activator ion separation must be less than Rmax = 8 A for fast 

energy transfer to occur. On average, this ion pair is isolated from the other ions 

by a distance in larger than Rmax, so multiple step diffusion among ion pairs is 
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unlikely. Fast dipole-dipole resonant energy transfer for low sensitizer and activator 

concentration requires the introduction of isolated sensitizer-activator pairs. The 

energy transfer is consequently limited by the number of available pairs within the 

crystal, and by the rate of back transfer. 

In conclusion, the energy transfer process between nonequivalent crystal 

field sites for Nd3+ in BMAG has been modeled by thermally activated resonant 

multipole interaction between the 4 F3; 2 Stark components of the sensitizer and 

activator. Energy transfer proceeds to a single activator, site A2. Fast energy 

transfer is postulated between ion pairs. The activation energies determined are 

consistent with the Stark splitting expected of the sensitizer 4 F3; 2 manifold, and 

qualitatively follow the energy mismatch. A constant proportional to the forward 

to back transfer rate ratio was determined. 



CHAPTER III 

EXCITED STATE ABSORPTION AND LASER 

SLOPE EFFICIENCIES 

Experiment 

A Light Age Model 101 PAL alexandrite laser with an output tunable 

between 725 and 790 nm was used to pump Nd3+ in BMAG (Nd:Ba2MgGe20 7). 

The alexandrite laser pulse was 60 µs (FWHM) and the maximum power at the 

peak of the gain curve of the alexandrite laser was 20 Wat a repetition rate of 20 

Hz. The spectral width of the laser output was approximately 1 nm. 

The fluorescence emission from the sample was sent through a 1-meter 

monochromator, detected with an RCA C31034 photomultiplier tube, analyzed by 

a boxcar integrator, and recorded on a chart recorder. A spectral resolution of 1 

nm was obtained and the fluorescence was corrected for the response of the filter, 

grating, and the detector. 

Absorption measurements for optical pumping along the C-axis of the 

sample were performed upon an IBM UV-Vis-Near IR absorption spectrometer. 

Absorption spectra were corrected for scattering due to the BMAG host. 

For the laser slope efficiency measurements, the crystal was mounted in a 

22.5 cm cavity consisting of a 100 % reflector with a 50 cm radius of curvature 

and a fl.at 85 % output coupler. Transverse pumping was employed (E ..L C) with 

cylindrical and convex lenses used to focus the pump laser beam in a line of width 

0.02 cm and length (0.56 cm) of the Nd-BMAG sample. An iris was positioned 

in the cavity to limit the number of oscillating transverse modes and to eliminate 

lasing due to the sample surface reflections. The power incident on the Nd-BMAG 

crystal and the power output from the Nd-BMAG laser were measured simulta­

neously with two calibrated power meters. The fresnel reflections and absorption 

33 
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within the excited mode volume of the sample were considered when calculating 

the power absorbed by the crystal. 

Spectral Studies of Excited State Absorption 

Blue and green fluorescence was observed (by eye) for alexandrite pumping 

of Nd3+ in BMAG over an extended spectral region in the presence and absence 

of Nd3+ lasing at 1054 nm. The intensity of the fluorescence did not significantly 

increase when the sample was lasing. Lasing was observed for pump wavelengths 

from 736. 7 nm to 758.8 nm, which falls between the beginning and trailing edges 

of the absorption spectrum shown in Fig. 13. Blue fluorescence was observed for 

excitation between 728.8 and 751. 7 nm and the green fluorescence was detected 

for excitation in the 746.7 to 770.5 nm region. The blue fluorescence was the most 

intense at pump wavelengths of 738.2 to 738.6 nm and was clearly visible to the 

naked eye. The green fluorescence was very dim, and required a red cut-off filter to 

distinguish it from the intense red alexandrite pump beam. The green fluorescence 

gradually reduced in intensity from its low wavelength onset until it disappeared 

at 770.5 nm. The ground state absorption was high for the pump wavelengths 

resulting in maximum blue emission. 

Fluorescence spectra were recorded at pump wavelengths of 738.6, 743.2, 

and 753.6 nm. The 738.6 nm excitation was chosen because it produced the most 

intense blue fluorescence. The 753.6 nm excitation was selected because it yielded 

the greatest laser output power at 1054 nm of all pump wavelengths producing vis­

ible green fluorescence, and the pump wavelength of 7 43.2 nm was selected both for 

its strong ground state absorption and its predicted resonant excited state absorp­

tion of pump photons transition (4 F5; 2 + 2 H9; 2 ~ 2 P3; 2). The green fluorescence, 

although present, was found in no way to diminish the pump wavelength perfo­

mance of the Nd:BMAG laser and is not measured to be a dominant loss process 

in the material. 

Figure 14 is the fluorescence of Nd3+ in BMAG over the spectral range 

380 to 630 nm. The spectra was corrected for both detector and filter response. 



~ 
c ., 

·c:; 
!E ., 
0 
0 
c 
0 

! 
0 ,, 
~ 

1.5 

1.0 

0.5 

0.0 
730 735 740 745 750 

Wavelength (nm). 

755 760 

b2J BLUE 

E'J GREEN 

Figure 13. Observed Wavelength Dependence of the Blue and Green Emission Rel­
ative to the Room Temperature Absorption Manifold Pumped by the 
Alexandrite Laser. 



"" • ~ 
c 
:a . 
.0 ... 
0 ..__.. 

it u; 
z 
"" ... 
~ 

1.00 -.--------------------

0.50 

1.00 

0.50 

743.2 

1.00 

0.50 

753.6 

WAVELENGTH (nm) 

Figure 14. Room Temperature Fluorescence of Nd:BMAG for Different Excita­
tions of the Alexandrite Laser. 



37 

Because the transmittance of the cutoff filter zeroes for wavelengths less than 380 

nm and greater than 630 nm, the scan region is limited and the correction for 

filter response introduces artifacts near the wavelength limits. Each spectra was 

normalized to the highest peak in the scan range. The absolute intensity for the 

738.6 nm spectrum (t~p) is roughly an order of magnitude greater than for the 

743.2 and 753.6 nm excitations, in agreement with the qualitative observation of 

intense blue and weak green fluorescence discussed earlier. The observed emission 

is tabulated by pump wavelength in Table III. 

Comparison of the three spectra reveals that :fluorescence which appears 

"blue" has a series of peaks in the 380 to 500 nm spectral range and the weak 

"green" spectum has fluorescence peaks at 530 and 600 nm. Transitions between 

the various Stark manifolds result in the broad, :fluorescent groups (e.g. 4 D3; 2 --)> 

419; 2). The fine structure observed within each broad fluorescent emission band 

is attributed to transitions between the Stark components of the manifolds (e.g. 

the j = ! component of the 4 D3; 2 manifold to the j = ! component of the 419; 2 

manifold). 

Modeling the :fluorescent emission required knowledge of the energy levels 

at room temperature. The room temperature energy levels of Nd3+ in BMAG were 

determined from absorption and fluorescence spectra, and are presented in Table 

IV. The Full Width at Half Maximum (FWHM) of each level was estimated from 

constructed Gaussian fits to absorption and fluorescence bands. The FWHM of 

. the high energy manifolds is larger than that for the low energy manifolds because 

the absorption spectrometer resolution is constant in wavelength, and results in 

greater energy uncertainity at low wavelengths. Two absorption coefficients are 

reported: (1) the absolute absorption coefficient at the band maximum, aa, and (2) 

the absorption coefficient determined from the constructed Gaussian, ag. Spec­

troscopic LSJ labels were assigned to each energy level. No attempt was made 

to separate hot band transitions or to deconvolute the multi-site contributions of 

Nd3+ in BMAG when constructing the energy level diagram. 



TABLE III 

OBSERVED FLUORESCENCE FOR 
ALEXANDRITE PUMPING 

OF Nd:BMAG 

Pump Wavelength (nm) Fluorescent 
738.6 7 43.2 753.6 Transition 

388-393 385-393 6,8 
416-429 414-426 7,9 
441-456 450-457 10 
473-483 4 77-480 11 
520-545 525-534 524-535 12,13 

589-592 577-596 14 

38 



TABLE IV 

ROOM TEMPERATURE ENERGY LEVEL 
PARAMETERS OF 

Nd:BMAG 

Stark Peak aa a 9 FWHM 
Manifold (cm-1) (cm-1) (cm-1) (cm-1) 

4D1;2, 30377 0.543 0.070 737 
2113/2 

4D1;2 28514 0.790 0.395 342 

4 Ds;2, 27964 0.884 0.489 422 
2111;2 

4 D3;2 27405 0.477 0.082 286 

2P3;2 26788 0.424 0.008 108 
26504 0.411 0.008 112 
26110 0.411 0.014 212 
25826 0.399 0.010 147 

2Ds;2 23776 0.337 0.008 266 

2P1;2 23218 0.354 0.029 129 
23010 0.366 0.041 243 

4G11;2 22026 0.333 0.012 141 
21763 0.358 0.033 142 
21622 0.358 0.037 164 

2D3;2 21182 0.382 0.062 216 

4 G9;2 20995 0.395 0.074 185 

2 G9/2 19569 0.613 0.099 84 
19478 0.691 0.103 83 
19353 0.625 0.111 86 
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TABLE IV (Continued) 

Stark Peak a 11 a 9 

Manifold (cm-1) (cm-1) (cm-1) 

4 G1;2 19030 1.020 0.300 
18868 0.687 0.095 
18761 0.629 0.091 

4Gs;2, 17501 1.200 0.391 
2G1;2 17483 0.851 0.411 

17209 1.300 0.440 
17103 1.440 0.370 
17030 1.680 0.387 
16972 1.520 0.325 
16846 1.090 0.280 
16711 0.802 0.391 

2 H11;2 16271 0.321 0.008 
16171 0.329 0.017 
16067 0.321 0.012 
15946 0.313 0.008 

4F9;2 14550 0.387 0.058 
14409 0.370 0.012 
14296 0.366 0.041 

4F1;2, 13567 1.380 0.971 
483;2 13460 1.200 0.560 

13382 1.470 0.596 
13289 1.130 0.494 
13154 0.559 0.140 

4Fs;2, 12750 0.382 0.054 
2H9;2 12679 0.485 0.095 

12553 0.929 0.341 
12505 1.170 0.395 
12429 2.040 1.150 
12334 0.880 0.288 
12252 0.621 0.136 

FWHM 
(cm-1) 

145 
78 
92 

75 
83 
92 
73 
58 
55 
105 
87 

50 
78 
57 
84 

188 
73 

135 

50 
73 
59 
62 
73 

44 
40 
35 
39 
42 
52 
50 

40 
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TABLE IV (Continued) 

Stark Peak aa a9 FWHM 
Manifold (cm-1) (cm-1) (cm-1) (cm-1) 

4F3;2 11533 0.572 0.189 52 
11399 1.070 0.600 49 
11307 0.588 0.132 47 
11191 0.428 0.078 84 
11046 0.325 0.029 68 

4 l1s/2 6242 0.169 0.025 64 
6156 0.154 0.012 47 
6062 0.156 0.014 69 
5961 0.154 0.010 48 

4!13/2 4359 0.160 0.017 35 
4278 0.177 0.035 51 
4225 0.193 0.049 34 
4170 0.284 0.070 77 
4102 0.251 0.054 27 
4057 0.280 0.070 35 
4017 0.226 0.078 38 

4111;2 2176 67 
2093 74 
2029 76 
1933 47 

4!9;2 683 78 
364 101 
235 97 
102 96 
0 70 
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The blue and green ermss1on observed for alexandrite pumpmg of 

Nd:BMAG is modeled by Excited State Absorption (ESA). ESA occurs for al­

exandrite pumping because the peak power over the 60 µs pulse is 16 kW, more 

than ample power to excite every Nd3+ within the excitation volume of the sample. 

ESA involves the absorption of a second photon by an optically excited ion. The 

excited states from which ESA occurs must be populated and have decay rates 

(inversely proportional to the level lifetime) less than or equal to the photon rate 

inducing absorption. The probability of any ion undergoing an ESA transition 

therefore is proportional to the ratio of excited to ground state ions. As pump 

powers reach and exceed the saturation limit, the excited to ground state ion ratio 

increases to the point where ESA becomes likely. 

Excited state absorption may be classified according to the type of photon 

that is absorbed: ESA of lasing photons and ESA of pump photons. ESA of 

sample emission in Nd:BMAG only is probable for self absorption of the 1054 nm 

lasing photons. The reason for this is ( 1) the flux of lasing photons in the mode 

volume of the laser cavity is high; (2) the highly populated 4F312 metastable state 

is separated from 4 G912 by an energy gap equal to the lasing photon energy; and (3) 

the transition is spin allowed. ESA of lasing photons by electrons in other manifolds 

not only has to compete with fast nonradiative decays but also is nonresonant. So 

the only ESA of lasing photons process considered for alexandrite pumping of 

N d:BMAG is the resonant self absorption of the 1054 nm lasing photons for the 

. . 4F 4G trans1t10n 3/2 --+ 9/2· 

The important distinction between ESA of pump and lasing photons is 

resonance. In ESA of pump photons, the energy of the photon to be absorbed 

may be varied by changing the excitation wavelength. When the pump photon 

energy equals the energy gap between two excited states, resonant absorption is 

possible. Phonon assisted absorption is also possible for energy mismatch within ± 

~ 200 cm-1 (typical phonon energies in the BMAG host). ESA of pump photons, 

therefore, may be tuned by varying the excitation wavelength. For ESA of the 
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lasing photons no such tuning is possible, because the lasing wavelength is inde­

pendent of pump wavelength. The fluorescence in Fig. 14 depends dramatically 

upon pump wavelength, indicating that ESA of the alexandrite pump photons an 

active process in the material. 

Three resonant ESA of pump photons transitions are proposed in addi­

tion to self absorption of lasing photons to explain the fluorescence observed in 

Fig. 14. Figure 15 shows these transitions with respect to the room temperature 

energy level diagram for Nd:BMAG. Spectroscopic manifold labels appear beside 

the emperically determined energy levels of Nd3+ in BMAG. Transition (1) repre­

sents ground state absorption of the alexandrite pump photons. Transition (2) is 

resonant ESA of the 1054 nm lasing photons. Transitions (3) - (5) are resonant 

ESA of pump photon transitions. Transitions (6) - (14) are predicted radiative 

transitions from states populated by ESA. Only the transitions which result in 

:fluorescence within the scan range of the experiment (380 - 630 nm) are illustrated 

in Fig. 15. The :fluorescence transition numbers in Fig. 15 also correspond to 

the fluorescent transition numbers found in Table III. Using the empirical room 

temperature energy levels it was possible to estimate the wavelength ranges of the 

fluorescent transitions marked in Fig. 15. These predicted emission wavelengths 

are tabulated in Table V. 

Examination of Table V reveals that emission from the 4 D312 and the 

2 P312 manifolds is the "blue" fluorescence, and the "green" fluorescence is due to 

emission from the 4G912 and 4G712 manifolds. ESA transitions (4) and (5) are 

proposed to populate the 2 P312 and 4 D 312 manifolds respectively. Transition ( 5) 

is only resonant from the highest level in the pump manifold. Transition ( 4) is 

believed to come from the 2 H912 rather than the 4F512 because doublet-doublet 

transitions are spin allowed. 

Figure 16 represents the pump regions for resonant ESA of pump photons. 

Figure 16 was constructed by treating the Stark manifolds as Gaussian distribu­

tions with the FWHM determined from the lowest and highest lying energy levels 

in the manifold. In this construction, the pump wavelength for maximum resonant 





TABLEV 

FLUORESCENT TRANSITIONS PREDICTED 
FROM THE ROOM TEMPERATURE 

ENERGY LEVELS OF 
Nd:BMAG 

Initial Final Level 
Level 4!912 4111;2 4]13/2 

4 D3;2 365-374 nm 392-397 nm 428-434 nm 
2P3/2 383-393 nm 413-417 nm 453-460 nm 
4 G9;2 476-492 nm 525-531 nm 589-601 nm 
4 G1;2 533-553 nm 594-603 nm 678-694 nm 
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ESA corresponds to the manifold center to manifold center energy gap, or the 

peak separation of the two constructed Gaussians. The overlap of the two Gaus­

sians was determined about the center resonant wavelength, and the normalized 

curve was superimposed upon the absorption spectrum. The height of the three 

ESA resonance curves was normalized because the absorption cross sections for 

the three transitions are unknown. Although crude, this construction qualitatively 

predicts the pump wavelength dependence of the observed blue and green fluores­

cence remarkably well. ESA into 2G912 and subsequent green emission from 4G112 

are resonant for higher pump wavelengths than ESA resulting in blue emission. 

The maximum blue emission observed for 738.2 - 738.6 nm pumping lies in the 

crossover region where absorption into both 2 P312 and 4 D312 is possible. Blue-green 

fluorescence observed for pump wavelengths 746. 7 to 751. 7 nm lies in the region 

where both ESA to 2P312 and 2G912 is possible. 

Returning to Fig. 14 with a qualitative understanding of Fig. 16, one sees 

that excitation at 738.6 nm results in excited state absorption to and fluorescent 

emission from both the 2 P312 and 4D312 manifolds. The agreement between the 

observed and predicted fluorescence in Tables III and V for these manifolds is 

good. The emission from 4D312 is more intense than that of 2 P312 because the 

latter is spin forbidden to the 41 states. Note that the absorption coefficient for 

4D 312 is roughly an order of magnitude larger than that for 2 P312 • The probability 

of spontaneous emission from an excited state may be related to the absorption 

coefficient. Following the treatment of Siegman [6], the growth and decay for a 

wave passing through an absorbing or amplifying medium may be described by 

J(z) = J(zo)e-2am(z-zo) (29) 

Comparison of Eq. 29 with Beer's law (equation 56 discussed later) reveals 

(30) 

where a is the ground state absorption coefficient. Absorption coefficient is related 

to the stimulated emission cross section by 

(31) 
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where 

(32) 

and N1 , N2 are the density of ions in the ground and excited states, 91 and 92 are 

the degeneracies of the two states, and a 21 is the stimulated emission cross section. 

For ground state absorption measurements, the population in the ground state is 

much larger than that of the excited state, so Eq. 31 may be written as 

91 a 
0"21 = --

92N1 
(33) 

The general relation between stimulated absorption and emission cross sections as 

reported by Siegman is 

( ) ( 9i ) ( ) 3* /rad,ji \ 2 
O"ji Wa = - O"ij Wa = -2 ~l\j 

9j 7r Ll.Wa 
(34) 

where 3* is a dimensionless polarization overlap factor for atomic transitions, Wa 

is the atomic transition frequency, ~Wa is the atomic linewidth (FWHM) in ra­

dians/ sec, /rad,ji is the radiative decay rate from j to i, and Af; is the transition 

wavelength in the medium. Since the radiative decay rate is equal to the Einstein 

A-coefficient, Eq. 34 may be solved in terms of the Einstein-A coefficient 

(35) 

Where A is the Einstein A-coefficient, Ng is the ion concentration, and ,\ is the 

transition wavelength. According to Svelto [12), the Einstein A-coefficient may be 

thought of as the spontaneous emission probability, and is related to the matrix 

element of the electric dipole moment and spontaneous lifetime (Tsp) by 

1 
A= - = Cw~lµl 2 

T15p 
(36) 

where w0 is the atomic transition frequency in free space and the constant C is 

2n 
c = 37rhfoc5 

(37) 

where n is the index of refraction, h is Planck's constant, €0 is the permittivity of 

free space, and Co is the speed of light in vacuo. The quantity lµl 2 may be deter­

mined from the magnitude of the matrix element of the electric dipole moment, 
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(38) 

where e is the electronic charge, ui and u 1 are the atomic wavefunctions of the 

initial and final states, and r is the position vector of the electron undergoing the 

transition. The point of the entire preceeding argument is to demonstrate that the 

absorption coefficient is directly proportional to the probability of spontaneous 

emission from the excited state (Eq. 35). Excited states with larger absorption 

coefficients, consequently have higher emission intensities to the ground state. The 

selection rules arise from the zeroing of the matrix of the electric dipole moment 

from parity considerations [13] (the integral of a function of odd parity over sym­

metric limits is identically zero; r is of odd parity; the parity of the atomic wave­

funtions is determined by the angular momentum; if the initial and final atomic 

wavefunctions have the same parity, then the parity of the integrand is odd and the 

matrix element zeroes). According to Eisberg and Resnick [13], the spin selection 

rule for atoms with several optically active electrons (e.g. Nd3+) having total spin 

angular momentum, s, is 

6.s = 0 (39) 

so quartet-doublet transitions are spin forbidden. However, mixing of the atomic 

wavefunctions occurs when the ion is placed in a host with a crystal field, so spin 

is not a good quantum number, and strictly spin forbidden transitions occur. The 

transition strength of spin forbidden transitions is much weaker than spin allowed 

transitions in rare earth doped materials because the optically active 4f electrons 

are partially shielded by outer shell electrons from the crystal field of the host. This 

shielding reduces the influence of the crystal field, so the wavefunctions describing 

the 4f states retain much of the cha:i;acter of the free ion wavefunctions. So the 

spin selection rule, although not absolutely followed, is a good indicator of relative 

transition strengths. 

Table IV shows that the absorption coefficients in general are higher for the 

quartet states than the doublet states, indicating that spin forbidden transitions 

in BMAG are weaker than spin allowed transitions. As the excitation wavelength 
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is changed from 738.6 nm (resonant ESA to 4D3; 2 ) to 743.2 nm (resonant ESA 

to 2 P3; 2) the absolute intensity drops an order of magnitude. Because the blue 

emission is more intense for 4 D312 , the brightest blue observed depends strongly 

upon 4D 312 resonance. Blue emission in Nd:YAG is much weaker than that for 

BMAG [14], and may be due to an absence of 4D3; 2 resonance. 

The emission at 480 nm in Fig. 14 is largest for excitation at 738.6, very 

weak at 743.2 nm, and absent at 753.6 nm. The 480 nm emission is characteristic 

of 4G912 -+ 41912 • If ESA of lasing photons was a dominant process in Nd:BMAG, 

one would expect strong 480 nm emission independent of pump wavelength, since 

the 4G912 manifold is populated by this mechanism. The excitation wavelength 

dependence of the 480 nm emission in the :fluorescence spectra, and the complete 

absence of 480 nm emission at 753.6 nm excitation infers that ESA of the alexan­

drite pump photons is the dominant process responsible for the green emission in 

Nd:BMAG. ESA of lasing photons is not ruled out, it just is not responsible for 

the green :fluorescence observed in Fig. 14. 

The green :fluorescence at 530 and 600 nm is characteristic of emission from 

4 G712 to 41912 and 411112 (see Table V). The only resonant excited state absorption 

of pump photons transition that populates 4G712 for alexandrite pumping from 730 

-760 nm is 411512 -+ 2G912 (transition (3) in figure 15). This transition explains the 

very weak, pump wavelength dependent green :fluorescence. Because the energy 

gap between 2G912 and 4G7; 2 is roughly 600 cm-1, electrons in 2G912 primarily 

nonradiatively relax into 4G112• Figure 16 predicts that 753.6 nm pumping results 

primarily in ESA to 2G912 , and agrees with the :fluorescence in Fig. 14. 

At 738.6 nm, the pump photons are no longer resonant with 2G9; 2 (see Fig. 

16). The 4G912 manifold is populated by the electrons which nonradiativly decay 

out of 4 D312 and 2 P312 , resulting in strong emission to 4 1912 and 411112 ( 480 and 530 

nm). At 743.2 nm, 4G912 is populated by nonradiative decay from 2 P312 . Because 

the excited state absorption is weaker at 743.2 nm, fewer electrons nonradiatively 

relax, and the 4G9; 2 emission is reduced. Figure 16 predicts that ESA to 2G912 
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is possible. Because the 4G912 emission is so weak (notice the weak signal at 480 

nm), the 530 nm fluorescence is due primarily to ESA to 2G9t2 • 

At first glance, the ESA transition proposed for green emision may seem 

unphysical. The branching ratio for many Nd-doped materials indicates less than 

one percent of excited ions decay' to 411512 from the 4 F312 metastable level. With 

a fluorescent lifetime of 350 µs, only ten percent of 4 F312 ions decay during the 

60 µs alexandrite pulse duration. This gives a total of less than a tenth of a 

percent of the excited population in 411512 during the alexandrite laser pulse. It 

seems unlikely that excited state absorption would occur from a state with so few 

excited ions. However, one must recall that the pump powers used reach and 

exceed that for absorption saturation for alexandrite pumping, and the population 

in this manifold is not negligable over the 60 µs alexandrite pulse duration. If the 

4 I ground state absorption is any indicator of the ESA cross section from 4 11512 to 

2G912, then the ESA cross section should be higher than that for 4 D312 because the 

absorption coefficient is higher (see Table IV). As derived earlier, the spontaneous 

emission rate is proportional to the ground state absorption coefficient, so the 

relative emission rate to the ground state from 4G712 should be higher than that 

from 4D312 and 2 P312 because the absorption coefficient is higher (0.3 verses 0.08 

and 0.01 cm-1). The energy gap to the next lowest manifold is ~ 2000 cm-1 for 

411512 verses~ 1000 cm-1 for (4 F712+4 S312) and (4 F512+2 H912) the initial states for 

ESA to 4 D312 and 2 P312 • The large energy gap for 411512 causes nonradiative leakage 

to lower states to proceed at a rate slower than that for the other two ESA initial 

states, so the population that does reach 411512 stays there longer. Considering 

(1) the longer lifetime of 411512, (2) the higher absorption coefficient for 4 J -+ 2G, 

(3) the agreement between the predicted resonance response in Fig. 16 with the 

observed resonant response in Fig. 13, (4) the absence of 4G912 emission for 753.6 

nm pumping, (5) the relatively high spontaneous emission rate for 4G1t2 , and (6) 

pump powers exceeding absorption saturation, it seems indeed possible that ESA 

of alexandrite pump photons from 411512 -+ 2G912 is responsible for the very weak 

green emission. It is important, however, to realize that this ESA transition was 
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measured to have little or no bearing upon the laser performance of the material, 

and is only proposed to explain the observed green :fluorescence. 

To briefly summarize, ESA of pump photons has been proposed to explain 

the blue and green emission observed for alexandrite pumping of Nd:BMAG. The 

blue emission is due to ESA to 4 D312 · and 2 P312• The most intense blue is due 

to emission from 4 D312, and occurs for excitation into the highest energy level 

in the 4 F712 + 4 8312 pump manifold. ESA to 2 P112 occurs for excitation into the 

higher energy levels of the pump manifold. The weaker green :fluorescence is due 

to ESA to 2G912 and occurs for excitation into the lower energy levels of the pump 

manifold. ESA of lasing photons, if not absent, was determined to be weak. 

Theory of Excited State Absorption 

A theory describing the effect of excited state absorption of pump photons 

upon the slope efficiency of monochromatically pumped laser materials recently 

has been developed by M.L. Kliewer and R.C. Powell [14]. The theory involves 

the steady state solution to a six level rate equation model. The slope efficiency, 

as defined by the above authors, is the slope of the curve obtained by plotting 

laser output power versus power absorbed by the pump manifold. The theory was 

applied to alexandrite pumped Nd:YAG, and the ESA transition 2 H912 -+ 2 P312 

was proposed as a loss mechanism for 754 nm pumping. Excited state absorption 

of pump photons is considered to be a loss for absorption from the pump level, 

the 4F312 metastable state, and all the energy levels between these two levels. The 

relation between absorbed power and laser output power in this theory may be 

described by 

Pout = T/~ · (1 - T/esa) ·Pa+ Pint (40) 

where Pout is the laser power output, T/~ is the. slope efficiency without ESA, Tfesa is 

the excited state absorption efficiency, Pa is the power absorbed in populating the 

pump level (determined from Beer's law), and Pint is an intercept power (related 

to the threshold power). A general expression was reported for T/esa along with 

several simplified cases. Three cases are pertinent to ESA in Nd:BMAG: 



Case (1) : No ESA of pump photons 

T/esa = 0 

Case (2) : a-5 # 0 (4F1;2 + 4S312 ~ 4D312) 

1 
T/esa = l + ~ + h_ 

0'5 [0'5 

Case (3): 0"4 f:. 0 (4F5;2 + 2H9/2 ~ 2P312) 

1 
T/esa = l + (/34 )(~)+A_+~ 

/3s u4 lu4 /3s 
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( 41) 

(42) 

(43) 

where the subscript "5" refers to the (4 F712 + 4 S312 ) pump manifold, "4" refers to 

the (4 F512 + 2 H912 ) manifold, O"p is the pump level absorption cross section, I is 

the peak intensity of the alexandrite laser pulse incident in the mode volume of the 

laser cavity, a-5 and a-4 are the excited state absorption cross sections for absorption 

from manifolds "4" and "5", and /34 and /35 are the nonradiative relaxation rates 

to the 4 F312 and "4" manifolds. With a few substitutions, cases (2) and (3) may 

be simplified as 

Case (2) 

where 

Case (3) 

where 

1 
T/elfa = 1 + A + JL 

P,. 

A= uv 
0"5 

B = (35 
- fa-5 

1 
T/esa = (t,. + C)(Pa + D) 

C = fuv 
- (35 

D = (34 
- fa-4 

where f is a constant relating the peak intensity, I, and the power absorbed. 

1= fPa 

(44) 

(45) 

(46) 

(47) 

(48) 

(49) 

(50) 
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With these substitutions, the functions relating Pint and the threshold 

power, Pt hr, for the three cases are: 

. Case(l) 

(51) 

Case (2) 

(52) 

Case (3) 

Pint= -TJ~. Pthr. (1 - (-i,;; + C)~Pthr + D)) (53) 

Inspection of Eqs. 44 and 4 7 reveal that the excited state absorption 

efficiency is power dependent. Substituting the results for T/esa and Pint into Eq. 

40 gives an explicit functional form that may be used to fit the output power 

versus absorbed power curves obtained in efficiency measurements. Because 'T/esa 

is power dependent, excited state absorption cross sections are better parameters 

to quantify the ESA at a paticular pump wavelength. For cases (2) and (3), these 

may be determined from: 

Case (2) 

(54) 

Case (3) 

C14 = (;;)(~:) (55) 

with constants A, B, C, and D treated as fitting parameters. 

Laser Slope Efficiencies 

Figure 17 is data obtained from the slope efficiency experiment for several 

different pump wavelengths. Laser output power at 1054 nm is plotted versus 

the average power incident upon the excited mode volume of the sample. The 

incident power was corrected for losses due to fresnel reflections by using the index 

of refraction for Nd:BZAG (2]. The data marked "blue max." is that for which the 

blue emission visible to the eye was brightest. The "green max." corresponds to 
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the pump wavelength for which the highest laser output power was achieved while 

the sample emitted green light. 

The data in Fig. 17 has not been corrected for the sample's absorption 

coefficient, so high output power corresponds to regions of high absorption. Al­

though the pump wavelengths for the green and blue maxima were not recorded, 

the high output power for the blue maximum together with the ESA resonance 

curve for 4D312 (see Fig. 16) suggest that the pump wavelength associated with 

the "blue max." lies in the region 735 to 740 nm. 

All of the data in Fig. 17 saturates and curves downward for high incident 

intensities. Beer's law may be w:itten as 

I= foe-ad (56) 

where I is the intensity at a penetration depth d, 10 is the intensity at the surface of 

the sample, and a is the absorption coefficient at the pump wavelength. Similarly, 

the relation between the absorbed power, Pa, and the incident power, Pi, may be 

determined by 

P. P. -ad 
.a= ie (57) 

Ideally, to avoid plotting one dependent variable versus another, one would 

like to directly measure the absorbed power rather than calculate the power ab­

sorbed from Beer's law. The problem with this approach is that the power absorbed 

used in slope efficiency plots is the power absorbed into the excited mode volume 

of the cavity. Since the mode volume is small (the calculated cylinder diameter 

for the cavity used in this experiment is 0.0676 cm), measurement of power reduc­

tion across the mode volume of the sample requires very thin samples. Since the 

thickness of the sample was much greater than the mode volume diameter, it was 

necessary to calculate the absorbed power from equation 57. 

The absorbed power correction was very sensitive to the choice of mode 

volume diameter. Initial slope efficiency plots using d = 0.0676 cm showed that 

the downward curvature observed in Fig. 17 occured at roughly the same absorbed 
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power. Absorption saturation was postulated as the explanation for downward cur­

vature. A calculation based upon one photon absorbed per ion in the mode volume 

showed complete saturation occurs at 0.11 W absorbed power (using d=0.0676 cm). 

Good agreement between turnover for all pump wavelengths was achieved for d 

= 0.0691 cm. The saturation power, P11a.t = 0.146 W, calculated with the larger 

diameter agreed better with the onset of curvature observed in the slope efficiency 

plots. This effective d was adopted as the mode volume diameter for all subsequent 

calculations becauses of the observed self-consistency and because it was within 

the error bars of the original calculation. 

Figure 18 is the slope efficiency data plotted versus the absorbed power in 

the mode volume of the laser cavity. The absorbed power correction using Beer's 

law only applies for absorbed powers less than saturation at 0.15 W. The data 

is fit with the ESA theory developed earlier. Pumping at 749.5 nm results in the 

highest slope and the lowest threshold, and is associated with no excited state 

absorption (Case (1)). Pumping at 737.5 nm results in excited state absorption to 

4D3; 2 (Case (2)). Pumping at either 753.4 or 743.4 results in ESA to 2P3; 2 (Case 

(3)). The lowest slope efficiency and highest threshold was observed for 743.4 nm 

pumpmg. 

The fitting parameters that were the same for each pump wavelength are 

summarized in Table VI, and the parameters that changed for pump wavelength 

are tabulated in Table VII. In Table VI, p is the approximate ion concentration, 

Vez is the fraction of the mode volume in the sample excited by the laser pulse, ..\0 

is the lasing wavelength, and n is the index of refraction for Nd:BZAG. The slope 

efficiency without excited state absorption, T/~, when treated as a free parameter 

ranges from 0.26 to 0.29. Twenty six percent was selected as 77~ because it deviated 

least from the highest slope efficiency observed. Because there is ESA throughout 

the pump multiplet, it is impossible to measure the T/~ directly. Case (1) applies 

for 7 49 .5 nm pumping because the slope efficiency, 77 11 (calculated from the linear, 

low power regions of each plot), and T/~ agree within the absolute error of the 

experiment. 
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TABLE VI 

PARAMETERS USED TO FIT THE ESA 
THEORY TO THE SLOPE 

EFFICIENCY DATA 

Parameter Value 

T/~ 0.26 
f34 (Hz) 4.3 x 106 

/3s (Hz) 3.5 x 106 

d (cm) 0.06906 
p (cm-3 ) 1 x 1020 

Ve:i: (cm3) 3.8 x 10-4 

P sat (W) 0.146 
.\0 (nm) 1054 

n 1.75 
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TABLE VII 

PARAMETERS USED AND OBTAINED FROM THE FITS 
OF THE ESA THEORY TO THE SLOPE 

EFFICIENCY DATA 

Parameter Pump Wavelength (nm) 
749.5 737.5 753.4 743.4 

T/s 0.22 0.15 0.10 0.06 
a (cm-1) 0.795 1.186 0.7231 0.8302 
ESA Case 1 2 3 3 
Pthr (W) 0.0364 0.0475 0.0439 0.0515 
Pint (W) -0.0083 -0.0099 -0.0067 -0.0071 
up (cm2) 8.0 x 10-21 11.8 x 10-21 7.2 x 10-21 8.3 x 10-21 

A 0.077 
B (W) 0.192 
C (W) 2.120 0.592 

D (W-1) 0.0533 0.0545 
f (J-lcm-2) .1.0 x 1027 2.5 x 1026 2.5 x 1026 

us (cm2) 0 1.5 x 10-19 0 0 
u4 (cm2) 0 0 5.2 x 10-20 2.1 x 10-19 
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Although fluorescence indicates that the brightest blue emission is due to 

ESA to 4 D3; 2 , the slope efficiencies have the greatest loss for ESA to 2 P312 . The 

ESA cross sections obtained for the two processes are roughly equal (see Table VII). 

As described in a previous section, the difference in emission intensity is due to 

the higher emission cross sections associated with the spin allowed quartet-quartet 

transitions of 4D3 ; 2 • 

In summary, excited state absorption was proposed as the mechanism re­

sponsible for the losses in slope efficiency and increased laser threshold for alex­

andrite pumped Nd:BMAG. The losses due to excited state absorption and blue 

fluorescence are significant for high power alexandrite pumping and have been ob­

served to reduce the slope efficiency by up to 73 % and elevate the threshold by 

up to 42 %. ESA to 2 P3; 2 results in the greatest loss to the slope efficiency and 

the highest threshold. ESA to 4 D3; 2 results in the greatest blue emission. The 

cross sections for the two ESA processes are approximately 2 x 10-19 cm2 . Initial 

attempts to lase the blue fluorescence proved unsucessful. Sample coating and 

optimization via excitation spectra may enable successful lasing in the blue in the 

future .. 
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