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A SPECTROSCOPIC DETERMINATION OF THE INDUCED-EMISSION CROSS
SECTION OF THE 3PO++3F2 AND 3P0++3H6 TRANSITIONS

OF THE Pr3* ION IN Se0C%,:SnCs,

by

A. Watanabe

ABSTRACT

We have used a spectroscopic method to
determine the induced-emission cross-section for

the 3P0++ F2 and 3Po++ HG transitions of the Pr +

ions in an aprotic solvent system consisting of

a 4: mixture of SeOC,Q,2 and SnCQu. The values

obtained were 4.3 x 10 %cm? and 2.0 x 10_19cm2,

respectively. The former value is five times as
large as the value 0.85 x 1071%n? for the low-

theshold laser transition of the Nd3+ ion in the
same solvent system, so that this system warrants
further study as a laser material.

1. INTRODUCTION

The spectroscopy of rare-earth ions has proved, in the past, to be a
fruitful area of research; the spectra of Nd3+ and Eudt ions, in particular,
have been studied in crystals, glasses and chelates and aprotic solvents and
many of these rare-earth-doped system have been shown to have excellent
characteristics as laser materials'~®. We have carried out a spectroscopic

study of Pr3+ ions in Se0CL,-based solvent systems and have previously
reported evidence for a local field of D2d symmetry about the rare-earth ion®.

In the study of any laser system one of the most important criteria is
the start oscillation condition, or the critical population inversion at the
threshold of laser oscillation. This critical condition can be related simply
to parameters characterizing the laser resonator and the lasing medium,
namely, the length of the resonator, resonator losses and the induced-emission
cross section of the laser transition!’. Thus.a measure of the induced-emission
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cross section is of importance in the study of any laser system. In the
present report we describe a spectroscopic determination of the induced-
emission cross section of two potential laser transitions of the Pr3%t ion in
SeOCQZ:SnCQQ. We have obtained values of the induced-emission cross section

for the P0++ F2 and 3P0++3H6 transitions of the Pr3+ ion in the liquid

solvent consisting of a mixture of SeOC,Q,2 and SnCQh. The values obtained were
-1 -
4.3 x 10 9cm2 and 2.0 x 10 19cm2, respectively, for the two transitions.

These values compare favourably with the value 0.85 x 10—19cm2 for the laser

transition of the Nd3%t ion in the same solventll, so that these transitions
appear to be good candidates for laser action.

2. ABSORPTION CROSS SECTION AND RADIATIVE LIFETIME

According to Einstein's treatment of a quantized system of radiators,
the probability than an atom in a state n will absorb a quantum of radiation

of energy hv nm and undergo transition to a higher state m in unit time is
given by

an = Bnmp(vnm), ..... (1)

where Bnm is called Einstein's coefficient of absorption and p(vnm) is the

density of radiation at frequency v m* The probability that the atom in state

m will in unit time emit a quantum of radiation of energy hv ' and pass to the
lower state n is given by

P = + B v ), L. 2
mn Amn mnp( mn)’ ()
where Amn is Einstein's coefficient of spontaneous emission and an is
Einstein's coefficient of induced emission. If the upper state is g —fold
degenerate and the lower state is gn—fold degenerate, then the following
relations hold between the coefficients:
= gman, ..... (3)
and
8ﬂhvmn3an
A =— .. (4
mn C3

where h is Planck's constant and c is the velocity of light.

If the state n is the ground state or a low lying level, it is thermally
populated at normal temperatures and conventional absorption spectroscopy can
be used to determine Bnm’ and the other two coefficients can be calculated

from it by the use of equations (3) and (4) above. In most 4-level laser
systems, level n is usually completely depopulated at normal temperatures
and other methods must be used to measure these coefficients. One method of
determining Bnm is from the fluorescence changes of an excited medium caused



by a resonance laser pulselz. Another method is based on the measurement of

the change in the gain coefficient of a laser associated with the change in
the energy stored in the cavityls’lu. Pantoflicek®® has reported a purely
spectroscopic method based on the relationship between the oscillator strength
and the absorption cross section.

In this report we follow a spectroscopic method first used by Neeland and
Evtuhov!® for the measurement of the laser transition cross section for Ng3+
ions in yttrium aluminum garnet (YAG). The method does not depend on the
determination of a quantum yield or on any assumptions dependent on such a
determination. It consists essentially of measuring B__ for a ground state

transition, and then measuring the ratios of Amn for several fluorescence
transitions, including the transition to the ground state, for which Bnm was

measured. Thus all of the other coefficients can be deduced with the aid of
equations (3) and (4) above. The absorption coefficient can be expressed in
various ways; for example, it can be expressed as an absorption cross section
per molecule, S On the other hand the measured coefficient is most easily

expressed as an absorption coefficient per unit path length through the
sample, k(v). The absorption cross section is usually referred to the peak
value, k(v ), of the absorption coefficient at a frequency v,. Thus

k (v,)
_ nm 0
nm— Nn 'Y .....(5)

where Nn is the number of active molecules per volume of sample.

From equation (2) it is clear that the probability that an atom in state
m will in unit time spontaneously emit a quantum of radiation and pass to the
lower state n is given by Amn' Thus we write

!
AL =T ceena(6)
mn

where Tmn is the radiative lifetime of the transition from m to n. With the

aid of equations (3), (4) and (6), it can be shown'’ that the integrated
absorption coefficient of an absorption line o  is related to the radiative

nm
lifetime of the transition by the following expression:

Q
]
-
~
N
=y
<
]
|
Hlﬂ

veeso(7)

where A is the value of the wavelength in the medium at the peak value of
the absorption coefficient. This expression can be used to calculate the
radiative lifetime of a transition from the measured integrated absorption
coefficient.



When the shape of the absorption line is defined by the equation

fnm(v)
knm(\)) = knm(\)o) f—(\)_) R o vees.(8)
nm 0
where fnm(v) is a line shape function defined such that fnm(v)dv =1,
then 0
k (v))
o, o eees(9)

nm fnm(vo)

The reciprocal of fmn(vo) plays the role of an effective halfwidth of the

line. If the line-shape function is triangular for a line of halfwidth §, then

=1
fmn(\)o) =3 ee...(10)
If the line shape is lorentzian, then
£ (vy) = =2 (11)
o (Vo =5 > ceee
For a gaussian line shape
2(n2)*
£ (v =2k (12)
mn 2§

When the line-shape function is not known exactly, numerical value for
fmn(vo) can be derived from the experimental data, since it is expressed in

equation (9) as the ratio of the peak height to the integrated area of the
fluorescence (or absorption) line for the mn transition. Neeland and Evtuhov'®
assumed a triangular line-shape function in their determination.

If the line shape is the same for the nm and mn transitions, equation (3)
can be written as

g%m = 8.%m® e (13)

where © is the induced-emission cross section. Thus equation (7) becomes
mn

xzfmn(vo)
o = — . eee.. (14
mn 8Tt (14)
mn
This equation can be used to determine the induced-emission cross section
when the radiative lifetime of the transition is known.



3. MEASUREMENT OF THE INDUCED-EMISSION CROSS SECTION

The solutions were ?repared from dried praseodymium chloride!® and
vacuum-distilled liquids’®, following the detailed preparative techniques
described by Heller??, Sample preparation procedures were carried out in a
nitrogen atmosphere inside an evacuable stainless-steel glove box?!. The
moisture level within the box was maintained at less than 10 ppm by volume,
and the moisture content of the prepared samples was determined by infrared
absorption measurements to be less than 1 part in 107.

The solvent consisted of SeOCL, and SnCf, in a ratio of 4 to 1.
Preliminary experiments with samples of Pr3+ in the range 3 x 1073 N to 3 N
showed that a rare-earth concentration of 0.1 N gave a good compromise between
fluorescence intensity and quenching effects, and subsequent measurements
were carried out on samples of this concentration. The fluorescence cells
were made from lengths of thick-wall quartz capillary tubing of i.d. 2 mm
which were stoppered at both ends by teflon plugs; this construction
facilitated the drying out of the cell. The absorption cells were commercials
cells of thickness 2 cm.

Absorption spectra were measured on a Cary 14 spectrophotometer. The
fluorescence spectra were recorded on a fluorescence spectrometer that was
constructed in our laboratory. The essential parts of the spectrometer are
shown schematically in Figure 1. The source of radiation was a 1000-watt
xenon arc lamp in a commercial housing. A circulating water filter removed
infrared radiation from the light beam before it was focused on the entrance
slit of a % m Ebert grating monochromator. The wavelength of the excitation
light was controlled by means of this monochromator working in conjunction
with auxiliary optical band-pass filters. The fluorescence emission from the
samples was optically chopped and then focused on the slit of a 1 m Czerny-
Turner grating monochromator, where it was dispersed with a grating with
1800 lines/mm. The dispersed light was detected with an ITT FW-130 photo-
multiplier with a slit-shaped cathode. The signal from the photomultiplier
was rectified and smoothed in a Princeton Applied Research HR-8 lock-in
amplifier and recorded on a strip-chart recorder. The optical response of the
fluorescence spectrometer was calibrated with the aid of an Electro-Optic
Assoclates L-101 Spectral Irradiance Standard.

In the rare-earth lons, such as Pr3+, the partially filled 4f-electron
shell lies within some of the completely filled shells; thus the interaction
of the 4f electrons with the external environment is weak, and the free-ion
energy levels?? give a good representation of the energy levels in bulk media.

These energy levels are shown in Figure 2.

The Pr3+ ion has three strong absorption lines in the region 0.450 -
0.500 um (see Figure 3), which arise from transitions from the ground state,

H4, to the triplet states P0 1.2° The 3P states are close together and
E R ]

internal coupling leaves the ion in.the lowest state 3P0. The fluorescence
spectrum (Figure 4) has four strong lines, at 0.484, 0.597, 0.613 and 0.642 um.
The first is the resonance transition from 3Po to the ground state, and the

last two were identified from their energy, their excitation spectra and the
time decay of the fluorescence radiation under pulsed excitation, as transi-

tions from 3PO to 3F2 and 3H6, respectively. The line at 0.597 um appears to

be a transition from the 1D2 to the H4 state.
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The induced-emission cross section was measured for the 0.613 and 0.642 um
transitions. Since the terminal levels for both transitions lie well above the
ground state, a direct measurement of the absorption coefficient was not
possible. Therefore the value was obtained indirectly from a measurement of the

3

cross section for the transition from the ground state 3H4 to PO’ following

the method reported by Neeland and Evtuhov'®. For convenience we label the
3 3 3
H4, H6’ F2 and 3P0 manifolds by the quantum number n = 1, 2, 3 and 4,

respectively. The method consists of the following steps: 0,, is measured from

the absorption spectra and O and T,, are calculated from it by the use of

equations (3) and (7); then T,, and T, ., are calculated from T,, and the
measured fluorescence intensity ratios; finally o,, and 0,, are calculated

from 7,, and T,; with the aid of equation (14).
Since the 3PO state is non-degenerate and the 3H4 state is 9-fold

degenerate, the transition can consist of up to nine components. In a previous

paper we showed that the Pr3+ ions occupy sites of D2d symmetry and that only
electric-dipole transitions are required to account for the features of the
fluorescence spectra. A computer analysis of the 3P0—>—>3H4 fluorescence band®
showed that it could be reproduced quite accurately by the summation of three

gaussian components, whose separation, peak intensities, half-widths, and
relative areas are given in Table 1. In calculating the value of the absorp-
tion cross section we must know the value of the population of each of the

levels, since the value is required of the partition function of the ground
state

Q = ? g; exp [-AEi/kT] vev..(15)

where 84 and AEi are the degeneracy and the energy displacement of the ith

component of the ground state, respectively, k is Boltzmann's constant, and

T is the absolute temperature. The observed transitions terminate in two
doubly-degenerate levels and a non-degenerate level (see Figure 5). A very
weak feature observed at an energy displacement of approximately 1000 cm™!
could arise from a transition terminating in one of these single levels.
Another of the non-degenerate levels should lie reasonably close to the
doubly-degenerate level at 333 cm™!, as these levels have common parentage in
the level of T, symmetry in the cubic field approximation. The location is not
known of the remaining two non-degenerate levels, which are derived from the
level of E symmetry in the cubic field approximation. From the calculations
of Lea, Leask and Wolf?3 of the splittings of the energy levels of rare-earth
ions in cubic fields, we calculate the value of the partition function Q as

a function of the crystal-field parameter x. We have made use of the observed
splitting of approximately 333 cm™! between the T, and T, levels to scale the

energy values. A plot of Q versus x is shown in Figure 6 for the 3H4 level for

the possible range of values of x for which the T, level is lowest lying. For
the purposes of our present determination we use the average value of the
maximum and minimum values, and take Q = 4.45 * 0.26.

¥



TABLE 1

The Gaussian Components of the 3P0—>—>3H4 Fluorescence Band

Energy Segaration Half-Width Peak Intensity Area
(em™*) (em™ 1) (arbitrary units) (arbitrary units)
0 73.5 0.491 0.300
66 144 0.371 0.444
333 223 0.138 0.256
3p A A
o - -=-"= -T- T - - ==
ELECTRIC ELECTRIC
DIPOLE DIPOLE
T2 Bz +E
A e Ay
’
/
/
/ A2
/ -
/ ,—q——i—’\’\
/,// e~ E b
3 Z-
H4 T~ A
\ \\\ E ”"
\\ -—————-——<;~__\\ 8
AN
\\ 82
\J;——TLQ’:‘ }q
~—~x £
FREE ION TETRAHEDRAL D24 SYMMETRY
FIELD 3 3
Fig. 5. The electric-dipolar allowed transitions between the P, and H,

states of the Pr* ion in a tetrahedral field and in a field of
ng symmetry .

3H4 manifold that the doublet

and singlet levels which originate in the T, level of the cubic field together
account for more than 99 per cent of the observed absorption at the peak of the
absorption line. Since we can readily separate out the contribution to the
induced emission of these two levels from the contribution of the third active
level, which is split 333cm™! from the ground state, we treat the two lowest
levels as the ground state. We label this state by the letter a and the other
active level by b, as shown in Figure 5. Therefore

It is apparent from the analysis of the

=0 + O

%41 4a

4b
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Since level a is thermally populated we can determine 0, by the method

outlined above and subsequently © p can be determined by making use of the
analysis of the fluorescence band shape for the 41 transition.

48—
4.6
—_
Q

4.4 —
4.2

1 \ ] | 1

0.5 0.6 0.7 0.8 0.9 1.0

X

Fig. 6. The value of the partition function for the Pr3+ ion in a
tetrahedral field plotted against the crystal field
parameter x over all its possible values in a
in a tetrahedral field for which the T,

level is the lowest lying level.

The concentration of Pr3+ ions in the samples used in our determination
was 0.1 N, so that the number of ions per volume is N . = 2.0l x 10'° ions/cm?.

Therefore the population of level a is given by 0
No -AE4{/KT _ 2.01 x 10* 19 3
N =— L g, e M7 = (2 + 0.724) = 1.23 x 10'? ions/cm®.
a Q i=a i 4.45

The measured value of the absorption coefficient at the peak was

_ -1
kO = 0.808 cm™ ".
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Therefore
k
Oay = 3 = __;9;§9§_r; em? = 6.57 x 1072° cm?,
a 1.23 x10
o =284 -3y 6.57 x 1072%n? = 1.97 x 107'° cn®
La gk ay 1 * ’ ’
and
g . =000 5 = 2.65x 1071%cm?.

By substituting measured values of the integrated area and the peak height of
the fluorescence spectrum of the 3P0+->3H4 transition in equation (9) we obtain

-1
-1
[fkl(vo)] = 262 cm”!.

Thus from equation (14) we obtain

] AE, (V) (0.484 x 10~%)" cee
*1 8ma,, 8 x 2.65 x 107'° x 262 x 3 x 10'°
= 44,7 usec.

From equation (4) it is clear that

ATy = ATy, veesa(17)
thus
A
41 41
Tys =3 Tur = Ryg Typs eeaea(18)
43
where
A
41 41
Rog =75 > cees o (19)
43

ig the ratio of the number of photons emitted in the 41 and 43 transitioms.
Similarly

b1

w2 = R ,Tys veena(20)

41
where R, , is the ratio of the number of ph?tons emitted in the 41 and 42
transitions. The experimental values of an and f n(v ) given in Table 2 were
substituted in equations (18), (20) and (14) to obtain the following values:

Ty, = 2.46 x 44.7 usec = 109 usec,

1.81 x 44.7 usec = 80.9 usec,

T#S
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2
5 = (0.613 x 107%)
*2 8r x 109 x 1075 x 225 x 3 x 10%°

cm?® = 2.03 x 107!° cm?,

—u.2
v = (0.642 x 1077) em? = 4.30 x 10~!° cm?.
8T x 80.9 x 107% x 157 x 3 x 10%°

These values are also listed in Table 2.

TABLE 2

Values for the Induced-Emission Cross Section and Related Parameters
for Three Transitions of the Pr3* don in SeOCSL?_:SnCILI+

. 3 3 3 3 3 3
Transition P0++ H4 P0++ H6 P0++ F2
A (um) 0.484 0.613 0.642

1 1
(cm™) 262 225 157
Rl+n 1.00 2.46 1.80
T,n(usec) 44,7 109 81

o, (cm®)  2.65 x 1071 2.0 x 107*° 4.3 x 107}°

4. DISCUSSION

When the crystal-filled splittings of the upper and lower manifolds are
known, as is the case in many crystals, the method of Neeland and Evtuhov!®
for the determination of induced-emission cross sections is reasonably straight-
forward and can lead to accurate values. On the other hand, when the splittings
are not clearly resolved, then the method can be less accurate, since the value
of the partition function is required for the determination. The method may
also have certain drawbacks in its application to ions with an even number of
f electrons, such as the pr3t ion, where certain transitions are forbidden by
electric-dipole selection rules. In this case, the value of the partition
function can again be in doubt. For the particular determination described in
this note the value of the partition function is probably good to within
t5 per cent, since it was possible to clearly separateg the allowed transitions

of the 3P0—>+3H4 band by means of a computer analysis. In the previous applica-

tion of this method for the determination of the induced-emission cross section
+ .
of the F3++4111 transition of the Nd3 ion in SeOC{, Samelson et al.'? found

2 2
it necessary to employ a certain amount of guess-work, in determining the
value of the partition function and also in trying to decide which part of the
fluorescence band pertained to the particular transitions for which the absorp-

tion coefficient was measured. In our case the computer analysis of the



13

fluorescence band has eliminated the necessity for all such guess-work. Thus
the probable error of the measured value of the induced-emission cross section

is less than *10 per cent.

This determination has indicated that the Pr>' iom in Se0Cf,:SnCf, has a

sufficiently high value for the induced-emission cross section to warrant

further study as a possible candidate for laser action. Other factors such as
the efficiency of optical pumping, the radiative efficiency of the upper level
and the optical quality of the solution must also be determined before a final

judgement can be made.
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