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I Introduction 
Neodymium glass laser chains providinq terawatt high-quality 

output beans hove recently been developed fl} to conduct laser fusion 
implosion experiments. Extension of this laser technology to the 
higher peak and averaqe power performance levels required for laser 
fusion power applications is essentially precluded for several basic 
reasons: 1) relatively large nonlinear retractive index (n 2 "<• 
l-2xl0- 1 3 »su) of the laser medium, requiring operation of the 
laser in the inefficient small signal gain region in order to avoid 
deleterious self-focusing nhonomena; 2) relatively high unit volume 
and maintenance costs; 3) very low average power capability due to 
low laser efficiency and low thermal conductivity. 

Analysis shows, however, that these limitations derive pri
marily from the dielectric properties of the glass host and not from 
the active trivalent rare earth ions (RE 3 1) which possess many 
unique and desirable properties for fusion lasers. In particular, 
the deleterious nonlinear refractive index of a dielectric substance, 
nj, is proportional to the product of atomic or molecular numher 
density and hyperpolarizability. In RE solid state lasers, the 
RE 3* ion appears as an impurity ('» 2xl0 2 c/cc) compared to the host 
ion density (% 2xl0"-'/cc), and does not contribute significantly to 
n 2 for glass lasers. A several fold reduction in n : of laser glass 
is anticipated {1} by carefully selecting the glass composition, but 
a much lower medium density must be used to reduce n2 by an order of 
magnitude or more. The desirable features of RE 3* ions are preserved 
in liquid lasers, such as ;!d:P0C;s (2), which possess some potential 
far high average power by flowing the medium, but these fairly dense 
liquids exhibit n2-valucs {3} comparable to those of glass, manifest 
other significant nonlinearities {<!-,5} and tend to possess rather 

*This work was performed under the auspices of the United States Energy 
Research & Development Administration. Contract W 74-5-ENG 48. 
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large stimulated emission cross-sections ( = 10""'3cm') which preclude 
high energy storage density in large ampl i f iers. 

In view of these considerations, we have explored {6 , 7,8) the 
s u i t a b i l i t y of rare earth (RE3*) molecular vapors as a class of laser 
media for advanced fusion appl icat ions. Under ideal condit ions, we 
might expect re la t i ve ly low nonlinear refract ive index, propagation 
of high pulse energy densit ies ( i . TOJ/cra5) permitting operation in 
the e f f i c i en t saturated-gain region, low uni t volume cost, and a t t a i n 
ment of high average power by flowing the gaseous laser medium. 

In the present work, we have considered the dynamical properties 
of three types of RE3 + molecular vapors: 1) rare earth tr ihalogens, 
2) rare earth trihalonens complexed with t rans i t ion metal tr ihalogens, 
and 3) rare earth chelates. Radiative and nonradiative (um'molecular 
and bimolecular) t rans i t ion probabi l i t ies have been calculated using 
phenomenological models predicated on the unique electronic structure 
of the t r i p l y ionized RE ion (well shielded ground electronic con
f igurat ion of equivalent of electrons). Although a l l the lanthanide 
ions have been treated in some d e t a i l , we present hero speci f ic 
results for the Nd3*" and Tb3'1' ions to i l l u s t r a t e the systematics 
of these vapors as a class of new laser media. Once v e r i f i e d , these 
phenomenological models w i l l provide a powerful tool for the directed 
experimental exploration of these systems. Because of the structural 
s im i la r i t y to the t r i p l y ionized act in idos, comments offered here for 
the lanthanide rare earth series generally apply to gaseous act inide 
lasers which are also under consideration. 

1 ' RE 3 4 Molecular Vapor System' 

RE3* molecular vapors of interest in the context of lasers must 
sat is fy several basic requirements. The v o l i t i l i t y of the vapor roust 
be su f f i c ien t l y high to provide typ ica l ly 10 to r r pressure at a 
"reasonable" workina teraocrature, say T < 1000"K. The molecule 
mast be essent ia l ly stable at the working'temperature (or the thermally 
induced fragments must not act as co l l i s iona l deactivators). The 
excited electronic states of the molecular ligands should l i e somewhat 
above the highest f -e lectron level of Interest in the laser level 
scheme, and the molecule should exhib i t fundamental v ibrat ional mode 
frequencies as low as possible, say typ ica l l y less than a few hundred 
numbers. This generally rules out molecules containing atoms l ighter 
than oxygen (although certain exceptions can be made i f the l i ah t 
elements are bound in t i gh t complexes within the molecule and not 
d i rec t l y coupled to the R t 3 + ion). A survey of the exist ing l i t e ra tu re 
resulted in three vapor systems (ci ted above) which nominally meet these 
c r i t e r i a . The thermodynamic and spectral absorption properties of 
several rare earth trihalonens have been studied by Gruen and BeKock {? } , 
by Gruen, DeKock, and McBoth {10} and by Gruen {11}. These molecular 
vapors occur as planar molecules with D3|, point group symmetry, a 
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synietry providing for ligand induced electric dipole transitions among 
the states of the flf11 ground electronic configuration of the RE 3 1' ion. 
Although the vapor pressures of the RF. trihalogens are only modest (e.g. 
a vapor pressure of 1 ton- is achieved at a temperature of ==1250oK) 
they are the simplest of the molecular vapors considered here and lend 
themselves to quantitative analysis. 

Considerably higher RE ion volitility is possible when the RE 
trihalogen vapors are comolexed with the very volitile transition 
metal trihalogens (i.e. AfXa 3). 0ye and Gruen {12} have shown that 
the volitility of 'MCHj can be enhanced by several orders of magnitude 
in the presence of A».C»,3 so that a useful partial pressure of Nd bearing molecules can be attained at a temperature of 600-800°K. The partial 
pressures of uncomplexed AP.CJ.J monomers and dimers are typically 
several hundred times that of the RE conmlexed molecules and the 
collisional effects of the "carrier vapor" on excited RE molecules 
must be carefully considered in treating laser system dynamics. 

Finally, we have considered the relatively high volitility 
lanihanide chelates, in particular, the 2,2,6,6 - tetramethyl - 3, 
5 - heptanedionates (RE(thd)3) which have been studied by Sicre, et al., {13} and J)ye and Gruen {12}. The chelate vapors generally 
exhibit fairly low ly^ng triplet electronic states and high frequency 
vibrational modes (compared with the simple inorganic systems cited 
above) and are recognized as being potentially unacceptable from a 
dynamical point of view. However, the high volitility (several torr 
at 500°K) of the RE(thd) 3 chelates is quite attractive and invites their consideration. 

This set of volitile RE molecular vapors is not anticipated to 
be complete, nor does it necessarily contain the optimum molecule for 
laser purposes. The identification of additional potentially useful 
vapor systems is in progress {7}. 
Ill Radiative Transition Probabilities 

The radiative transition orobabilities among 1f n electronic levels 
have been calculated using the Judd-Ofelt {14,15} model of ligand 
induced electric dipole transitions. The application of this model to 
RE-solid state lasers and their radiative properties has been amply 
discussed in the literature {16,17,IS} aid will not be described here. 
The modpl shows that the line strength? of aiinduced electric dipole 
transition (or equivalently, the Einstein transition probability, A) 
between any two electronic levels of the If" configuration can be ex
pressed as the sum of three terms 

£= n 2 { U ( 2 V + n^iu^h 2 + n 6{u ( 6 )} 2 (l) 
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where the U l '' are the doubly-reduced unit tensor operators calculated 
between initial and final 4fn states in the intermediate-coupling 
approximation. These matrix elements are essentially independent of 
the R E 3 + environment and have been calculated for all of the rare 
earth ions {19}, The ty parameters are characteristic of the specific 
rare earth ion and the ligand environment (molecule). The values 
for a specific RE vapor can be obtained simply by a fitting of the 
measured absorption intensities within the 4f n configuration. Judd-
Ofelt parameters have been determined for Ndl 3, fldBr3 {9} MdU 3

-A«C!j 
complex (12,6},. and others {10}. We have also estimated JO parameters 
for Tbl 3 vapor by extrapolation of parameters given in {10}. The JO 
parameters for several systems of interest are given in Table I and 
compared with those of ED-2 laser qlass {18}. 

Table I 
Judd-Ofelt Intensity Parameters for 
Several Neodymium Bearing Substances 

SPECIES fij n4 "6 REFERENCE 

NdBr 3 1.8 E-18 9 E-20 9 E-20 9 

H d l 3 2 .7 E-18 9 E-20 9 E-20 9 

N d ( A J C i 4 ) 3 1.8 E-19 4 .8 E-20 3.9 E-20 12 

Nd:ED-2 3.3 E-20 4 .7 E-20 5.2 E-20 18 

™3 1.5 E-18 5 E-20 5 E-20 8 

Note: 9.. in cm 
Note the very large n 2 parameter values associated with the vapors 
compared to the solid; the n., and Ct parameters are very similar for 
all substances. The large Q2 parameters represent the phenomena of 
"hypersensitive" transitions satisfying the transition selection rule 
AJ = 2 which has been the subject of several theoretical (20; and 
experimental (9} studies. Transitions satisfying this selection rule 
are of particular interest for lasers in order to provide relatively 
strong pumping transitions as well as laser transitions {8}. 

Using the parameters of Table I, we have calculated the 
transition linestrengths and Einstein A coefficients for transitions 
originating on the 4F 3/ 2 J level of Hd 3* and the 5Du, 5 D 3 , sG f 

J-levels of Tb 3 +. The results are presented in Tables II and III. 
These calculations show that the predicted transition probabilities 
for the 1.06 micron transition in'Jd vaDors are quite0comoarable to 
that of f!d laser glass. The 5500A rD» - 7 F 5 and 4350A 5G 6 - 7F» 
transitions in Tbl 3 are also predicted to provide adequate transition 
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strength for laser transitions. The radiative lifetiir.es of the upper 
laser transitions are estimated to be in the millisecond region 
Estimates of the transition probabilities lying below 30,000 cm-1 for 
Pr 3 +, N d 3 \ Sm'% Cu 3*, Ho 3", Er*\ and T b 3 + have been calculated {21} 
for halogen vapors, and numerous potential transitions have been 
identified as laser candidates in the vapor. 

Table II 
Calculated Radiative Transition Probabilities-

Neodymium Vapors 

: F 3 4, \ 3/. 

'9/2 

11/2 

13/2 

'l5/2 

Ajj^sec" 1) S j r ( 1 0 " 2 0 c m 2 ) 

'j' V Ndl, NtlAiCJ., Nd:ED-2 Ndl, IMAM)*, Nd:ED-2 

4j 661 340 1030 2.6 1.3 1.2 

740 340 1380 4.9 2.3 2.8 

4, 140 60 270 2.0 0.8 1.1 

12 0.3 0.1 0.2 

I A J 0 , lObO 740 2700 
r 
T r a d(usec) 650 1350 370 

http://lifetiir.es


Table I I I 

Calculated Radiative Transit ion Probabi l i t ies - Tb l , Vapor 

A j j -Csec- ' j 

"D D 
4 3 

G 

S j j . (10" Z O cm 2 ) 

5 D 5 S 

3 0 

2 309 1 

41 235 2 

138 187 1045 

29 1289 1385 

1130 216 13(1 

79 22 2 

0.01 - 0.00 

0.01 0.33 0.00 

0.14 0.24 0.00 

0.41 0.17 1.77 

0.07 1.03 2.05 

2.21 0.15 0.06 

0.12 0.01 0.00 

. ^ A J J ' 
1450 225fs 2565 

T r a d ( ) i s e c ) 690 '40 3S0 

IV Honradiative Transit ion Probobi l i t ies 

I t is essential for an e f f i c i en t laser that the upper laser lpvel 
be largely radiat ive and that higher-lying 4f electronic states u t i l i zed 
as pump levels relax to the upper laser level rapidly compared to the 
radiat ive l i f e t ime . With the possible exception of the chelate systems, 
the inorganic halogen vauors under study exhibi t excited electronic 
molecular states only well above th? 4 f n electronic levels of interest 
for lasers (e.g. > 30,000 cm- 1) . Therefore, energy injected into the 
lower ly ing 4f" levels cannot relax via axci tat ion of molecular 
electronic states. Such relaxation can occur only via exci tat ion and 



-7-

subsequont decay of molecular vibrations. Relaxation of electronic 
energy via vibrational excitation must conserve energy so that 
excitation of high order overtones or combination modes of the 
molecule are anticipated to be dominant nonradiative decay channels. 
Energy coupled into the vibrational modes of the molecule can only 
decay via (slow) ra. iative vibrational transitions or through V-V 
or V-T collisional processes, tf these lattsr processes are also 
slow (under conditions of low nressure), energy may bo exchanqed 
many times between the initially excited 4fn state and the vibrational 
modes before the excitation degrades. Since the coupling between 4f n 

electronic states and ligand motion is extremely weak due to the 
shielding of 4f n electrons in R E " ions, we can expect the nonradiative 
relaxation rates to be relatively slow, esoecially vihen a large number 
of vibrational quanta must participate to relax an excited 4f level to 
the next lower lying level separated in energy by AE. 

This situation is analogous to RE 3* ion relaxation in transparent 
dielectric solids, where high order excitation of optical branch 
lattice vibrations take up energy. Detailed studies of multiphonon 
relaxation processes in solids have been studied by Hoos {22} and 
many others. If the highest frequency of the lattice modes of the 
solid has an energy Tiw, tloos {22} showed that the rate of spontaneous 
emission of p - phonons of energy Tiw relaxing the ion from the initial 
electronic level to the next lower lying electronic level, AE lower in 
energy, could be simp"iy written 

W(ftE) = B exp {nAE} (2) 
where B and c» are characteristic of the hosi lattice and where 
p = AE/Fiw. The parameter B reDresents the strength of the 4f electron-
ligand coupling, which was found to be inieoendent of rare earth ion 
(same for all 4f electrons in the rare earth series). Since participa
tion of any lower energy phonons is a higher order process, its 
probability is expected to be substantially less. In the case of 
solids (and liquids) the phonon modes are highly dissipative and a 
back transfer of energy from optical phonon modes to 4f electronic 
energy is precluded. In order to make an estimate of multi-vibrational 
quantum relaxation in sinwle halogen molecular vaoors, the same 
coupling strengths measured for trihalogen salts (LaC'.j, LaBr,{22)) 
were assumed for the vapors. Measured maxir.um vibrational frequencies 
for the lid trihalogen vapors {23} were then used in Eg.(2) to estimate 
"unimolecular" nonradiative relaxation rates for MdC"» and TtOj 
vapors. The calculated rates for relavant 4f n electronic levels 
(upper laser level, lower laser level, levels providing maximum energy 
gap between pump and upper laser levels) are given in Tahla IV. 
Comparing the radiative and nonradiative rates of the upper laser 
levels, we would exoact these levels to decay radiatively, crovidod 
other (bimoleculav) nonradiative channels are not operative. 
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Table IV 

Estimated Hul t i -v ibra t iona l Relaxation Rates 
In NdCJt3 and TbC&3 at 800"!; 

Ion Relaxing Energy Description Order Rate Lifetime 
Level Gap • of of (sec" 1 ) 

(cm - 1 ) Gap Process 

Nd F 3 / 2 
4700 Upper Laser 

Level 
15 ~ 0 „ 

Nd % , , 1200 Max. Pump 
Gap 

4 106 1 psec 

Nd 
I l l / 2 

2000 Lower Laser 
Level 

6 7X10 3 140 usee 

Tb \ 14,800 Upper Laser 
Level 

46 " 00 

Tb % 5800 Max. Pump 
Gap 

18 ~ 0 <o 

Tb \ 2000 Lower Laser 
Level 

6 7X10 3 140 usee 

Tb \ 5800 Upper Laser 
Level 

18 " 0 oo 

Tb \ 2000 Lower Laser 
Level 

6 7X10" 140 psec 

The preceedi a analysis i s , of course, not rigorous. I t i s expected 
that the molecular vapors w i l l more cotfalent than the so l ids, result ing 
in a larger coupling strength between 4f electrons and the ligand 
o rb i ta l s . On the other hand, the molecultr v ibrat ional modes are 
considerably less diss ipat ive than those of solids and the density of 
v ibrat ional states is somewhat sparse. These two differences w i l l tend 
to o f f -se t each other in the estimate fo r nonradiative relaxation ra te , 
so that the estimates given are probably order of magnitude correct. 
A somewiiat more sophisticated analysis is {7} based on-the Siebrand's {24} 
model of inult i v ib ra t iona l , nonradiative relaxation in small polyatomic 
molecules, leads to essent ia l ly the same results given in Table IV. 

The remaining channel for electronic relaxation involves bimolecular 
co l l i s ions . In the case of simple tr ihaloncn vapors, an excited RF 
molecule can co l l ide with a ground state molecule resul t ing in two 
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molecules in intermediate electronic states which conserve electronic 
energy. An analysis of this process has been reported in {25} for 
the following transitions in !ld31 and T b 3 t in A£Cx.: complexes: 

Md(*F J / s)+Hd(M, /,) - 2 H d ( M ) 5 / i ) 
Tb( 5D 3) + Tb('F t) Tb( 5D k) + Tb('F,) 

In the dipole-diDole approximation, the calculated relaxation times at 
a partial HE molecular vapor pressure of 10 torr are: lldOFj/?) 
10 msec, Tb( 5D 3) 20 usee. These nonradiative processes allow for 
efficient laser action in both Nd and Tb molecular vapors. Further 
analysis of bimolecti'lar collisions involving an excited RE molecule 
aiKi an uncomplex A?.C!3 molecule, resulting in electronic relaxation of the RE molecule and vibrational excitation of the AiMj molecule, 
indicates this will be quite slow even at AHCa.3 pressures of several atmospheres. 

To summarize these cnalyses of nonradiative processes, it is 
expected that the inornanic trihalocicn vapors (simple and complex) will 
exhibit fluorescence of high quantum efficiency for selected states of 
interest for lasers. Recent experimental measurements performed by 
Hessler and Carnal! (26} on TbQ 3-A5.CH 3 at several atmospheres of pressure confirm the essential thrust of the arguments presented here. 
Luminescence in Tb(thd) 3 chelate has also been observed by Jacobs, et al., f27} but quenching due to low lying triplet electronic states 
of the ligands reduces the metastahle lifetime. Other RE 3* electronic 
states may not suffer such deactivation in RE(thd) 3 chelates. Or, the 
basis of these results, experiments to demonstrate laser action 1n vapor 
phasp trivalent RE molecular vaoors have been iniated. The m.vrid techniaues 
for pumping these vapor systems, both optically and electrically, are 
discussed in reference {7}. Experimental determination of phenomenolog-
ical parameters for both radiative and nonradiative processes and for 
a variety of halogen and complex ligands, is expected to permit a 
rapid assessment of RE molecular vapors as new classes of laser media 
for fusion and other applications. 
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