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1. INTRODUCTION

The research on chelate lasers at the General Telephone & Elec-
tronics Laboratories has been organized along two general lines. The
first is an investigation of the properties of the materials in terms of the
requirements for laser action. The second is a study of the characteristics
of the chelate laser itself. The resultant information is essential for a

full appreciation of the potential of chelate laser systems.

Originally, the only chelate capable of exhibiting laser action was europium
tetrakis benzoylacetonate, and the temperature of operation was below
160°K. As our understanding of these materials increased, we have been
able to add to the number of chelates that can serve as laser materials,
chemically shift the frequency of one chelate laser system by about 60
ém-i, and increase the operating temperature, in one case as high as
300°K. The results of this research have been published in a series of
papersi-7 in which more detailed information can be found. These re-
sults indicate that the achievement of room-temperature laser action in

a circulating fluid medium is not only practicable but, at this point, awaits

only the development on suitable technological services.

2. SUMMARY OF PREVIOUS WORK

The material in this section summarizes studies previously re-
ported in the Semiannual Technical Summary Report of 1963 and in re-
ferences 1 and 2. These publications presented a detailed analysis of the
spectroscopy of europium benzoylacetonate (EuB4P) and of the kinetics of

fluorescence from the laser viewpoint.



A detailed analysis of the emission spectra of EuB ,P in solution and in

the solid enables us to partially construct the enerzy level diagram of the
europiwun ion. The fluorescent emission levels are the 5D0 and 5D1 upper
states, and most of the emission occurs from the former. All of the states
of the 7F multiplet serve as terminal states for the emissive transition, but
the principal emission is to one of the levels of the 71“2 state, some 900
cm-1 above ground. Thus at low temperatures, the terminal state is es-
sentially empty, and even at room temperature the population of this one
level is less than 1.5 percent of the ground state. The europium chelate

can therefore be considered a four level system.

In the chelates the energy is absorbed in the organic component of the
molecule, and according to the model of Weissman8 and Crosby, 9it relaxes
from the excited singlet to the triplet and is then transferred to the euro-
pium ion. On the basis of this model the kinetics of fluorescence can be
analyzed in terms of specific rate constants or transition probabilities
for each of the steps in the process. The results of this analysis ‘ndicate
that for typical rate constants usually reported for intersystem ¢ ‘ssing
and energy transfer, there should be no impediment to achieving laser
action. Under some conditions, however, a ''bottleneck' could arise in
the triplet state. At this point it is possible for the energy to be diverted
to a lower triplet level and then appear as long-lived phosphorescence. If
this happens, it will be almost impossible to attain sufficient population
inversion to achieve lasing. The evidence for such a diversion is the ap-
pearance of a long-lived phosphorescence characteristic of the chelate
species. None of this type of phosphorescence has been observed from

any tetrakis species in the chelates thus far studied.

The absorption constant for the allowed singlet-singlet absorption (the
pump band) is exceedingly high, of the order of 105 to 106 cm-ilmole .
liter-1 and is a severe limitation on the laser performance. An analysis
of the pumping situation shows that because of this high value, the effective

pump band is narrowed from 8004 to about 2004,



The correctness of these considerations is shown by a calculation of the
threshold. The threshold energy for EuB4P should be about the same
order as that of ruby in the same apparatus and this has been confirmed

experimentally,

3. PROPERTIES OF THE MATERIAL

3. 1 Solution Chemistry of the Chelates

The lanthanide ions are trivalent and readily form neutral species
with three univalent ligands. Such tris chelates are similar to those
formed by other hexacoordinating ions such as some transition metals.
Because of this similarity, the more complex chemistry of the rare earth
ions has often been overlooked. The lanthanides have larger ionic radii
and, unlike the transition metal elements, have more vacant orbitals (5d,

3,10-15

6s, 6p) available for bonding. It has recently been shown that co-

ordinations larger than 6 can very readily occur.

This worlk has been limited to the p-diketone chelates of europium. These
metal chelates are prepared by using the bidentate ligands in their enolate
form. In the resulting compounds the metal ion is bonded to six or eight

of the carbonyl oxygens and may coordinate with solvent molecules as well.

A large number of p-diketones have been used as chelating agents, and
some of these are listed in Table 1. However, because many of the spec-
troscopic and chemical charactericiics of these are similar, the discus-
sion in this report will be limited to three particular chelates: the benzoyl-
acetonate (B), the dibenzoylmethide (D) and the benzoyltrifluoroacetonate
(BTF).

These chelates can be easily prepared and isolated in the following solid.
forms: EuKe.,, EuKe,*2H,O and EuKe
3 3 2 4

dentate chelating agent and P represents the piperidinium ion (the latter

P, where Ke represents the bi-

can, of course, be replaced by a number of other unipositive ions). The
preparation of these various forms is described in detail in reference 3.

The chemical analysis for europium in these chelates is listed in Table II.



TABLE 1

Chelates
Compound Formula Symbol Reference
0] 0]
Acetylacetone CH3-&-CHZ-'C'J-CH3 A 9,16
O O
Benzoylacetone C6H5-'C'J-CHZ-.C'J-CH3 B 1,3,9,13,17, 18
0] 0]
Trifluoroacetylacetone CF3-'C'3-CHZ-'C'J-CH3 TFA 19
O O
Benzoyltrifluoroacetone CF3-’C'3-CH2-'C'3-C6H5 BTF 3,20
O 0]
Hexafluoroacetylacetone CF3-’C’3-CH2-‘C'J-CF3 HFA 11, 14, 19
O 0]
Dibenzoylmethane C6H5 -6-CH2-6 -C6H5 D 9,10,18,21
0] O
Dibenzoylamine CH, -C-NH-C-C H, DA 22
O 0]
Thenoyltrifluoroacetone C4H3S -.C.Z-CHZ-EJ -CF3 TTF 23,24
O O
Thenoylacetone C4H3 S -'C.J -CH2 -'C'J -CH3 T 20
O O
Furoyltrifluoroacetone C4H3 O -.C'Z-CHZ-'C'J -CF3 FTF 20
O O
Furoylacetone C4H3 O -.C.J-CHZ-'C.J -CH3 F 20




TABLE 11
Chemical Analyses of Chelates

Percent Metal

Compound Theoretical Experimental
EuB4P 17.22 17.35
Eu(BTF)4P 13.83 13.70
EuD4P 13. 44 13,26
Eu(BTF)3°ZH&O 18, 24 18.20
EuD3'HZO 17.72 17.54
EuB3°HZO 23,26 23.47
EuB3 (anh.) 23.92 24.10
EuD3 (anh.) 18.50 18.49

Solutions of these chelates give rise to a variety of molecular species de-
pending on the solvent. We have confined our studies to four solvents.

The first is a mixture of ethanol and methanol in the ratio of 3:1, the sec-
ond is the former mixture with dimethylformarnide in the ratio of 4:1,

the third is a 9:1 mixture of dimethylformamide and methanol, and the

fourth is acetonitrile. These are good solvents for the chelates, and the

first two have the property of glassing as the temperature is decreased,

so they can be used for spectroscopic studies and laser experiments at

low temperatures. In these solvents, the anhydrous and hydrated tris
chelates produce essentially the same species. In the alcohol solvent six
orbitals are used for bonding to the ligand oxygens and either two or all

three of the remaining ones to the alcohol oxygens. In the dimethylformamide
solvent it is the oxygens of this compound that use the remaining orbitals, B
The latter two solvents are used for experiments in the region of room

temperature, and although the same kind of interactions occur, much less

is known about the details of the solvent coordination.



The tetrakis form of the chelate dissociates according to the equation

(EuKe4)' - EuKe, + Ke . (1)

This dissociation occurs to varying degrees in the first two solvents as
shown in Table 111, L In both cases, the tris forms are solvated as de-
scribed above; in addition, in the dimethylformamide solvent, the tetrakis
form also solvates, accepting a pair of electrons from the dimethylform-
amide oxygen to form a nine-coordinated compound. The tendency for this
to occur depends on the strength of the Lewis base that is providing the
electrons and on the type of chelating agent. Much of the information on
the chemistry of these solutions has been obtained from spectroscopic
studies, particularly the fluorescence emission spectra of the europium

ion. This will be described in more detail in the next section.

TABLE 1I

Degree of Dissociation

Solvent
Chelating Agent Alcohol DMF
B 0.37 0.82
D 0.43 0.51
BTF 1.00 0.47

3.2 Spectroscopic Properties of the Chelates

The spectroscopy of the chelates is characterized by both their
organic and inorganic components. The two principal features are the in-
tense absorption typical of the organic part and the intense fluorescence
emission of the europium ion. The significance of absorption has already
been mentioned and is discussed at length in references 1 and 2. In this
section only the i;)n fluorescence will be discussed, g primarily the emis-

7

sion to the FO' F1 and 7F2 levels. The most intense emission (about

*# The problem of fluorescent decay time has been discussed at length in
the Technical Summary Report of 1963 and in references 1 and 25.



95 percent of that occurring to these levels) is observed in the 5Do - 7FZ
5

transition and occurs between 6100 A and 6250 z\ The Do - 7F1 emis -
sion is found between 5850 A and 6000 A and the 5D - 7F emission be-

] 0 0
tween 5790 and 5810 A,

The details of the emission in each of these regions have been used to
provide information on the symmetry of the species involved, the number
of species present, and the extent of dissociation in the tetrakis form of
the chelate. This will be illustrated in some detail for the EuD4P chelate.
Figure 1 (a) shows the spectrum of the four-fold form. It is seen that there
are three lines and a long wavelength tail in the 5Do - 7F2 region, six
easily identifiable lines in the 5Do - —IF1 region, and two in the 5DO- 7F0
region. For the latter two transitions, there are more lines than would

be allowed for a single species even if the degeneracies were completely
removed. The spectrum of the tris chelate, shown in Fig. 1 (b), is even
more complex, with eight lines in the long-wavelength region, six in the
center one, and two in the 5Do - 71’0 region. The latter spectrum can only
be interpreted if it is assumed that there are at least two species present.
These species can arise from different degrees of solvation or from dif-
ferent orientations of the solvating molecules; in either case, the excess

number of lines can be readily accounted for.

The key to the tetrakis spectrum is found in the 5Do - 7F0 transition.

One of the two lines falls exactly where the strong line of the tris spectrum
is found, while the other line appears only in the tetrakis spectrum. If it
is assumed that this coincidence means that there is tris chelate present in
the solution of the tetrakis chelate, the amounts can be estimated from the
relative intensities of the lines in the two spectra. This depends on the
fact that the absorption band of the chelate is, toa very good approxi-~
mation, simply the absorption band of the enolate ion of the chelating

agent itself multiplied by the number of ligands per chelate molecule. 18

If f represents the fractional dissociation (according to Eg. (1) ) and
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@ the absorption constant per mole of ligand, then the probability of excit-
ing the tris chelate molecule in a solution containing all the species in

Eq. (1) is given by

3
P = ¢ =] .‘-& (2)
3fa  fa 4 °
T+4_+ (1-{)0’

In solutions containing only three ligand species, this probability is unity.

Assuming that all the photons entering the liquid sample in the region of
the extremely intense absorption band are totally absorbed, then the in-
tensity of emission from the three-ligand species is directly proportional
to the probability p . If we, therefore, let r represent the ratio of the
intensity of the three ligand emissicn from the solution of the partially
dissociated four ligand material to the intensity from an equivalent solu-

tion of pure tris material, we {ind that

(3)

=
"
L
-

Equation (3) enables us to determine the degree of dissociation and to cor-
rect the emission from the nominal tetrakis form to get the true tetrakis
spectrum. This is shown in Fig. 1 {c). It is seen that this correction vir-
tually eliminates the tail in the long-wavelength region and simplifies the
spectrum in the SDO - 7F1 region. The appearance of two sharp lines and
one broad one is consistent with the selection rules for a site symmetry of
S4 for the europium ion. This is the symmetry that is obtained from a
slight distortion of the DZd dodecahedral arrangement of the eight oxygens,
The equivalent set of spectra are shown for EuB4P in Fig. 2. In this case,
since there is only one sharp line and one broad one, the site symmetry of
the europium ion is consistent with DZd' The symmetry groups and the
selection rules for the SDO - 7FZ transition in the various types of eight-
fold coordination are given in Table IV and discussed in more detail in re-
ference 26, In the case of BTF two different compounds, one of which an-
alyzes to Eu(BTF)4P and the other to Eu(BTF)3, give identical spectra, as

is seen in Fig. 3. The spectrum due to the former is only 3/4 as intense
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TABLE 1vV.

Electric Dipole Selection Rules Of Europium
Transitions For Various Coordination Structures

Active
Spatial Site z - Rfe,prese_?tatmns - .
Configuration Symmetry D0 - F2 D0 - F1 DO - Fo
omceicopriom|  S2x | MiMByBy| AuBuB, | A,
C2 A,A,A,B,B A, B, B A
) B,, E
Archimedean =4d none et e
Antiprism D4 E AZ’ E none
D2 Bi' BZ’B3 Bi’BZ’B3 none
D B,, E B,, E none
Tetragonal 2d 2 2
Dodecahedron S4 B, B, E B, E none
D2 Bi’BZ’B3 Bi’BZ’B3 none
Nine-fold L4y | ApE ApE Ay
Antiprism C AE - AE A
Adduct 4
C2 A,A,A,B,B| A,B,B A

Symmetries that are underlined are the highest ones for the oxygens alone;
the others are subgroups derived from them by placement of the ligand
bridges or steric distortion.

11
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as that of the latter and this is consistent with the idea that the tetrakis
chelate is completely dissociated in the alcohol solvent. The degrees of
dissociation for these chelates in alcohol solution are given in the first
column of Table III.

3.3 Solvent and Salt Effects

Since the solvent can affect the equilibrium existing in solution and
the types of molecular species present, it is reasonable to expect pro-
nounced solvent effects in the spectroscopic properties of the chelate so-
lutions. Thus, when dimethylformamide is added to the alcohol solvent,
the spectroscopic picture is altered. The tetrakis form of EuD4P again
dissociates, and the corrected spectra are shown in Fig. 4. In this case
there are only two lines, one sharp and one broad. This is consistent with
the selection rules derived for a site symmetry C4v' This is the symmetry
that would be expected if the dimethylformamide oxygen added axially and
displaced the other eight so that they formed an Archimedean antiprism.
The same sort of effect is seen in Fig. 5 for EuB4P. In the case of the
BTF chelate, the spectra of which are shown in Fig. 6, the equilibrium of
Eq. (1) has been displaced to the left so that the dissociation is no longer
complete. The degrees of dissociation in this solvent are given in the sec-
ond column of Table III.

If the solvent for Eu(BTF)4P is now changed to acetonitrile and the temper-
ature range elevated to between 250 and 300°K, the spectra obtained is il-
lustrated in Fig. 7. In this case it is noteworthy that the tetrakis form of
the chelate is less than 10 percent dissociated, as can be seen from the
5D0 - 71-‘0 portion of the spectra, and that the peak intensity of the four-
fold form is comparable to that of many chelates at lower temperatures,
even though the emission has a greater line width. The precise nature of
the interaction with acetonitrile is not fully understood, but may be related

to coordination with the nitrogen of the nitrile group.

A further important and interesting type of interaction is that due to dif-
ferent cations, In all the work described to this point, the cation associ-

ated with the tetrakis chelate anion was piperidinium. If this is changed

13
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e

to an alkali cation, a rather striking effect, first observed by Meyer,
Poncet, and Verron, & can be observed. The principal emission decreases,
and a new emission frequency appears at 6114 i, Increasing the molar

ratio of cation to chelate anion produces a uniform change continuingin the
direction of increasing 6114 A intensity, as indicated in Fig. 8. This ef-
fect occurs with all alkali-type cations including NH4+, but is most pro-

nounced with the sodium ion.

As in the case of acetonitrile, the precise nature of the interaction of the
singly positive cation with the chelate is not clear. In this case, the ap-
pearance of a single intense emission peak suggests that the symmetry of
the anion approaches D4 {see Table IV) which would require the addition of
a sodium ion at opposite ends of the C4 axis of an Archimedian antiprism.
This in turn suggests a ten-fold coordinated europium ion, although this co-

ordination need not be covalent,

The effect of the cation additive is not limited to low temperatures, but can
be seen even at room temperature. In a solvent consisting of a 9:1 ratio of
dimethylformamide to methanol and a 4:1 ratio of cation to chelate anion,
the spectrum illustrated in Fig, 9 is obtained. This is to be compared with
that obtained without the addition of Na® also illustrated in the same figure.
Again, a similar effect is sesen: the intensification of the spectrum and the

intensification of one of the D0 - 7}?2 transitions relative to the others.

3.4 Effects on Laser Action

All the changes in the spectroscopic behavior of these solutions
have pronounced effects on the laser behavior of the solutions. In this
section, such laser effects wiil be correlated with the spectroscopy, and
a pattern will emerge that indicates, at least for the europium chelates,

the most advantageous environments.

From the spectra in Figs. 1 - 6 it is readily seen that the tetrakis form
has a higher peak intensity than the tris form in both the alcohol and di-
methylformamide solvents. The spectra of both forms are more intense
in dimethylformamide, but the increase in intensity of the tetrakis form is
greater. The relative intensities of the peaks of the B and D chelates are

given in Table V.
18
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TABLE V

Comparison of Peak Intensities

Solvent
Alcohol DMF
Chelating Agent Tris Tetrakis Tris Tetrakis
B 0.7 2.75 0.9 6.30
D 1.0 3.20 1.5 7.90
BTF - - 0.95 5.40

From a laser point of view, it is evident that the tetrakis forms are more
desirable than the tris forms, and that from a consideration of the spec-
trum of the tetrakis form alone, dimethylformamide is the better solvent.
However, this advantage may be offset by the increased degree of dis-
sociation. For example, laser action is readily observed with EuB4P

in both solvents, but in dimethylformamide, despite the apparently more
favorable spectrum, the threshold is much higher. This is a consequence
of the increased degree of dissociation which is detrimental in two ways.
It not only decreases the concentration of active species, but also de-
creases the effective pumping, since the products of the dissociation ab-
sorb pump energy as effectively as the active species and contribute noth-

ing to the useful fluorescence.

In the case of EuD4P the reverse effect is seen. In the alcohol solvent
some evidence of laser action has been occasionally observed at very

high thresholds, but these results lack reproducibility., In the dimethyl-
formamide solvent, on the other hand, laser action is readily obtained at
thresholds not much higher than with EuB4P in an alcohol solvent., The
appearance of laser action in EuD4P in the dimethylformamide solvent is
due to the better spectroscopic properties of the nine-fold-coordinated
compound and the fact that in this case the degree of dissociation increases
only slightly. As a result, the advantage gained in the emission spectrum

is not overcome by the dissociation.
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The chelate Eu(BTF)4P presents a more striking illustration of the efficacy
of the tetrakis form of the compound. In ethanol, where the compound is

100 percent dissociated, no laser action can be ohtained. However, in the
dimethylformamide solvent when there is an appreciable fraction of the
four-fold chelate (~52 percent) laser action at reasonable thresholds can

be observed in solutions where temperature is as high as 210°K. At these
temperatures (about that of dry ice), the solvent is quite fluid. At more
elevated temperatures, the degree of dissociation increases further, and no
laser action can be obtained either in a mixture of alcohol and dimethylform-

amide or pure dimethylformamide.

A different behavior is observed in acetonitrile. In this solvent the BTF
chelate is in the tetrakis form to the extent of 90 percent even at temper-
atures as high as 300°K. Because of the great flourescence intensity char-
acteristic of these highly coordinated compounds, particularly those con-
taining fluorine, laser action is observed at room temperature and can
perhaps be observed at even higher temperatures. 28 This then represents

the achievement of laser action in a fluid medium without any cooling.

These results can be summarized in the following manner. While the de-~
tails of the spectroscopic behavior of the europium p-diketone chelates
varies as the structure of the ligand is altered, many features remain
similar. Thus, the 500 - 71-"2 transition is always the most intense, and,
for a given chelating agent, the tetrakis form always has a more intense

emission than the tris form.

There are, however, other factors that are not so consistent. The degree
of dissociation of the tetrakis chelate is roughly correlated with the acid
strength of the ligand in the keto form, but quantitative predictions can-
not be made. The effect of altering the solvent appears to be even less
predictable, and there is too little information for establishing any em-~
pirical rule. These factors have to be determined for each individual
case and the examples cited above serve to illustrate the effects that can

be expected.
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The salt effects apparently represent another class of phenomena. From
the spectroscopy, these appear to be a result of a more drastic alteration
of the structure. In the alcohol solvent, at low temperatures, the appear-
ance of the single sharp line is indicative of a new species., At intermedi-
ate salt concentrations, when both species are present, laser action can
be achieved in either of the two dominant lines, as seen in Fig. 10. At
higher sodium concentrations, laser action is seen only in the new line.
This is a first example of the "tuning'' of the laser emission frequency by

a simple structural change.

If the solvent is changed the salt effect can be pursued to higher tempera-
tures. In a 9:1 dimethylformamide to methanol solvent a relatively sharp
and intense line is observed nearly to room temperature. This line is due
Primarily to the tetrakis complex, and laser action can be observed up to
temperatures between 240°K and 245°K. Above this temperature, dis-

sociation has proceeded to too great an extent.

The effect of these cations appears to be applicable only to the EuB P
chelate. This may be a steric effect since the substituents on the other
ligands studied are bulkier and may keep the alkali ion from penetrating
close enough to the europium to exert any influence. The exact nature of

the salt effect requires further study.

4. PROPERTIES OF THE LASER

4.1 General Considerations and Experimental Arrangement

At least three conditions must be met to obtain laser action in the
chelates. First, a minimum concentration of active species and degree of
inversion (determined by spectroscopic parameters and cavity losses) must
be attained. Secondly, the rate of pumping must be high enough to achieve
and maintain the required inversion. This is essentially a kinetic problem
in which one has to take into account the rates of the various processes.
Finally, one must consider the process of absorption by which pumping is
achieved. This enables us to compute the threshold for laser action. We

will discuss all these problems in turn.
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Emission spectra of 0. 01M EuB4P in alcohol at -150°C with
various input energies to the flash tube and different concen-
trations of sodium acetate: (a) none, (b) 0. 005M, (c) 0.0075M,
(d) 0.010M, (e) 0.0125M, (f) 0.015M.

In (a) - (e) the flash input energies from bottom to top within
each group are 2500, 3000, 3500, 4000, 4500, and 5000 joules.
In (f), where precipitation prevented stimulated emission, only
4000- and 5000-joule flashes are shown. All spectra were taken
with a single input pulse to the flash tube and with 50-micron slits.
The weaker lines visible on each side of the laser emission are
ghosts due to the grating,
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The minimum concentration which is required to obtain oscillation is ex~

pressed by the well-known Schawlow-Townes relation29

2
tc X'4

where 8n is the excess population in the upper state, p the number of modes
under the fluorescent line, tc the cavity lifetime, A' and A A' the wavelength
and halfwidth of the laser line, and Tr the radiative lifetime. All these
quantities except tc are known from the spectroscopic measurements., In
the original experiments t. was estimated to be ~ 5 x 10-9sec. 10 This re-
sult leads to a &n =5 x 1018 per cm3, which is well within the solubility
limit of EuB4P in alcohol at low temperature. The optical properties of

a viscous (low temperature) solution are quite good, but losses induced by
the heating caused by the flash could be very large. The distortion of the
rays in a cavity due to refractive index gradients have been considered by
Winston and Gudmundsen, 30 who concluded that laser action will be very
difficult to achieve in liquid systems. The rate of change of refractive index
with temperature is of the order of -4 x 10-4 (degrees) -1 for alcohol at
room temperature, 21 a factor of about 30 larger than for ruby. Although
refractive index gradient losses undoubtedly exist, they can be shown to be
surprisingly small at least for a time sufficient to build up the field inten-

sity in the cavity,

In considering the kinetics of optical pumping of pulsed lasers, one has to
make a decision on the approximation to be used. For continuous lasers,
steady~-state considerations are obviously applicable. This also holds
reasonably well when the duration of the exciting pulse is longer than the
lifetime of the fluorescence, although somewhat different considerations
apply when the pulse is very much shorter than the lifetime. In most of
our experiments the flash was about twice as long as the lifetime, and we
shall deal with the kinetics from the steady-state point of view. A more
Precise calculation would involve a numerical solution of the rate equation,

but this does not seem to be justified for the present.

The rate equations are set up in terms of the probabilities defined on the
energy level diagram of Fig. 11. The solution has been carried out in

Ref. 30 where it is shown that to obtain an inversion Bn, the pumping
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Fig. 11. Energy level diagram of a europium chelate. The levels are:
1 - ground state
2 - terminal state of laser transition
3 - upper state of laser transition
T, TO - triplet states of the ligand
4 - excited singlet state of the ligand
A's are transition probabilities between designated levels
Sy Tis the intersystem transition probability
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probability (proportional to the light intensity falling on the sample) must be

Ay bn
N
w,, > o
14 = — (5)
n(1-b 1)
(o]

where A3 is the decay time of level 3 and

A

i = 1 + TTo
n A
T3
(6)
i Ay At
b = 1 +A_ = .
To’l T3

It is evident from Eq. (5) that even when the pumping rate is infinite there

is a maximum value of &n

A No
(Bn) - _ . (7)
TT 3
1+ 9
Aty Ay

We now have to consider the possible values of the terms in the denominator.

The phosphorescence decay is usually appreciably longer than that of the

ion level, and therefore A3 /AT 1 >> 1. Unless the branching ratio A
o

/
‘ TTo
AT3 1s extremely small, the maximum value of An will be much too small,

For example, if Arr /AT3 is of the order of 0.1 (90 percent transfer
efficiency from triplet T to the ion), and if A3/AT 4 =100, then (An)max
may be less than ten percent of N . In such a case the solubility of the
cheiate at low temperature may be insufficient to obtain the minimum re-
quired concentration. It is therefore particularly important to pay atten-
tion to the existence of organic phosphorescence. This indicates the pos-
sibility of a non-zero branching ratio, which can seriously affect the
possibility of obtaining the necessary inversion. Even if the phosphores-
cence is absent, we cannot necessarily conclude that the energy transfer

from the triplet to the ion is one hundred percent efficient. In such cases
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the branching ratio may still be finite (ATT /AT3>0) but there may exist
o
a rapid nonradiative deactivation of the lowest triplet state. The parameter

1/m would be a measure of the efficiency of energy transfer.

The rate of pumping is obtained by multiplying the probability W14 by the
population of the ground state
A3 An
R = W/ N =—¢ (8)

. L . 2
This rate is directly related to the flux Fo()\) measured in watts/cm” per
unit wavelength interval. The flux must be incident on the surface of the
sample in order to achieve a critical excitation rate on the axis of the laser

situated at a depth x below the surface

o hc
F —)\—OK—(;)—R (9)

where

K(x) = fexp [ -aX)xJa(h)dA. (10)

In these equations a is the absorption constant and )\o is an average wave-
length for the effective pump band, namely, the region of the absorption
spectrum where the integrand of (10) has an appreciable value., Com -
putations of the effective pump bands and thresholds for different sample
geometries and chelate concentrations are given in Ref, 2. For samples
of 0.1-cm diameter, the calculated threshoid flux is about 2.5 watts/cm'2
per angstrom in the region of 3900 ;\’ whereas for ruby it is 1.3 watts/cm'2
per angstrom in the green absorption band. Since the flash lamps emit

more in the blue range of the spectrum, the two thresholds should be quite

comparable.
4.2 Apparatus

The most important problem in the development of the chelate
laser was the design of a suitable cavity to contain the liquid. The major
difficulty encountered here is the large contraction of the liquid on cooling.

The alcohol solution has a coefficient of expansion of 0.001 cm/cm per °c
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so that a 20 percent linear contraction occurs on cooling to the operating
temperature. This problem was solved by the use of piston cells described
previously and shown in Fig. 12. When properly machined, the pistons will
follow the contraction of the liquid in contact with the solution until, below
-1600C, the viscosity of alcohol becomes so large that the pistons tend to
bind, and voids easily form in the still-contracting solution. To eliminate
this possibility, the cells are usually operated at temperatures no lower
than -150°C. Low temperatures were achieved by passing a stream of pre-
cooled nitrogen gas over the cells. In most experiments confocal mirro -s
2 inches apart were used. For the excitation of the cells, various con-
figurations of more or less conventional flash tubes and enclosures have
been employed.‘l’31 Because of the high absorption, the chelate lasers

are effectively pumped only in the blue and near uv region of the spectrum.
It is desirable to use a filter around the cells to eliminate as much as pos-

sible radiation that only contributes to heating.

4.3 Output Power

With resonator cells of 1-mm bore, as shown in Fig. 12a, their
small transverse dimension makes it possible to achieve high pumping
rates on the axis of the cells. This results in easily interpretable laser
phenomema. The original experiments with chelate lasers were performed
in cells with 0.4-cm diameter, as shown in Fig. 12b; these structures give

rise to a more complicated behavior to be described later.

The threshold for laser action is about 500 joules when a spiral GE524
flash lamp is used. This is about one-half of the threshold of a ruby crys-
tal of 0.4-cm diameter and 5-cm long, placed in the same flash apparatus.
Thus the cavity losses and the computation of threshold given above are

seen to be approximately correct.

Measurements of the output energy were made with a calibrated photodiode
(EG&G "Litemike'"). The energy depends markedly on the transmittivity of
the front mirror whose optimum value has been found to lie between 5 and
10 percent. The variation of output with electrical input is shown in Fig. 9.

At 3000 joules the output reaches about 1 millijoule. Since the total volume
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Fig. 12. Cells used in laser experiments (a) 1 mm bore, (b) 4 mm bore.
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of the solution is 0.03 Cm3, the energy output is ~30 millijoule/cm3. This
is the significant value to be used for comparison with other materials.
For ordinary ruby crystals the energy per unit volume is about three to
five times larger. SE The time dependence of the output of the 1-mm cells
is characterized by irregular spikes, very similar to those observed in

ruby. A typical case is illustrated in Fig. 13,

4.4 Output Beam Characteristics

The spectral output was analyzed by means of a Fabry-Perot inter-
ferometer. Below threshold no rings appear. Above threshold (Fig. 14),
rings having a structure corresponding to the presence of several longitu-
dinal modes are clearly visible. The width of the individual frequency com-
ponents is below 0.1 cm_i. Another type of structure is also evident, The
rings have a spotty nature, each spot having a diameter (7 x 1074 rad) con-
sistent with the diffraction pattern from a 1-mm aperture. The spots
correspond therefore to discrete pencils of light representing off-axis
modes. Close to threshold, the mode structure is sometimes much sim -
pler. Figure 15 (a) is a near field photograph at threshold showing a
single TEMO1 transverse mode. At higher energies, the entire aperture
of the laser is filled with a granular structure. This structure persists
along the beam and can be detected by simply placing a film (without lens)
anywhere along the path as shown on Fig. 15(b). Similar observations
were made by Schimitschek. 33
Quite different results are obtained when the large bore (4-mm) cells with
confocal mirrors are used for laser experiments. In this case the thick-
ness is much too large for any appreciable pumping to occur on the axis
of the cells, and laser action is confined to an annulus close to the sur-
face.4 The relaxation no longer consists of random spikes but of a very
regular undamped oscillation as shown in Fig. 16. This type of behavior
has been associated with a saturable loss mechanism. 3£-80 The near-
and far-field patterns do not reveal any structure that can be identified as
simple modes. The line width above threshold is somewhat broader

(~0.2 cm-i) than in the 1-mm cavities, and usually shows no structure.
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Fig. 13. Relaxation oscillation (random spikes) obtained from EuB4P in
1 mm cavity. Confocal mirrors, R = 2 inches.
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Fig. 14. Fabry-Perot interferograms of the output of EuB4P in alcohol
solution.
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FILTER
FACTOR

0.08

0.04

0.04

ENERGY
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580

THRESHOLD
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1080

1470

3000

Fig. 15(a) Near-field pattern of laser emission from 1-mm cell obtained

with camera focused on front mirror.

single mode at threshold.

Note appearance of

The outer ring in the two top photo-
graphs is due to flash leakage around the 4-mm pisten,
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Fig. 15(b). Intermediate-field pattern of laser emission obtained on
film placed 30 inches from laser (without lens).
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Fig. 16. Regular relaxation pattern (limit cycle) characteristic of EuByP
in large (4 mm) cells.

36



These phenomena, which have not been studied in great detail, are un-

doubtedly associated with the very high density of modes.

4.5 Quality of the Optical Cavity

Insight into the losses can be obtained from a study of the depend-
ence of threshold on the concentration, as show in Fig., 17. As the con-
centrations are decreased the threshold changes relatively little, until a
very rapid increase occurs when concentrations of the order of 1018 per
cm3 are reached. This is exactly what one would expect from the com-
putation of the effective pump band. It is shown in Fig. 5 of Ref. 2 that the
parameter K changes little with the concentration. When, however, the
concentration approaches the minimum &8n, determined by the cavity losses,
the threshold rises abruptly. Thus, knowing the minimum concentration,
we can calculate the losses; these are of the order of 6 percent per pass,
comparable with crystalline materials. The measurement of losses by de-~
termining the minimum lasing concentration is carried out quite easily in

the liquid laser.

The losses in the cavity can also be determined by the method of Yariv and
GordOn.:!'7 This consists in determining the output power at a fixed position
of the pump energy above threshold for varying minor transmissions. Such
a series of measurements is shown graphically in Fig. 18. There exists
an optimum ratio of mirror transmission to average loss per pass, sont’
which, for a given input energy, Ein maximizes the energy output. This

is given by:

S = -1+ (Ein/Em. ) 1/2

opt in ! (11)

where Emin is the threshold energy. For the data in Fig. 18, the loss per
pass is between 10 and 25 percent. Thus, on going from threshold input
energy to twice this value, the loss increases by about a factor of 3.

This is to be expected since the fluid medium is perturbed much more by

the higher input energy.
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The behavior of a liquid cavity at higher temperatures and hence under more
fluid conditions has not been determined. Nevertheless, losses cannot be

too high since laser action has been observed under these conditions.

5. CONCLUSIONS AND FUTURE WORK

There are several important conclusions which can be formulated

at this stage of the investigation of chelate systems:

1. Laser action can be obtained in a highly fluid medium at
room temperature. This opens an entirely new technology
since a laser with a circulating medium is now only a

technological problem.

2. The study of the spectroscopy of chelates has revealed de-
tailed information on the structure, symmetry and stability
of various compounds. From the evidence known at present,
it appears that 4-ligand materials are superior from the

laser point of view.

3. The great flexibility of chelate systems, anticipated at the
beginning of this work, has now been demonstrated by such
effects as the 'tuning' achieved by cation addition and the

variety of solvent influences.

Each of these findings has raised new questions and each is, at best, only

partially understood.

The dominant practical problem of excessive absorption is yet to be solved.
It prevents the use of large samples and this keeps the useful power output
at a low level. It is also responsible for the high thresholds that effectively
eliminate the possibility of realizing the potential of continuous operation.
Our past work has not been directly concerred with the details of energy
transfer and its relation to structural factors, but it is hoped to devote

more effort to these aspects in future studies.
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