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1.0 INTRODUCTION

This final report describes the research effort carried out
to investigate energy transfer in an "activator-activator" system.
This acronym is used to describe a system in which energy transfer
between certain metastable levels is reversible and for which stim-
ulated transitions from each of these metastable levels can be gen-
erated.

The specific vehicles for this investigation are the S levels
of Er and Ho:YLF. Laser operation at 750nm and 850nm has been observed(1)
from a single rod doped with Er and Ho:YLF. The 750 nm laser line in
Ho3+ is due to the 552 - 517 transition; the 850nm line in Er3+ is due
to the 453/2 - 4113/2 transition. Transfer between the S level meta-
stables had previously been inferred from fluorescence spectra and

studied in detail in this work.
1.1 Publications

During this program the following article was published:

“Deep Red Laser Emission in Ho:YLF" by E. P. Chicklis, C. S.
Naiman, L. Esterowitz and R. Allen, IEE J. Quantum Electronics QE-13,
No 10 1977.

The following will be submitted for publication

"Stimulated Emission Cross Section of the 750nm Laser Transition
in H03+:YLF" by H. P. Jenssen
and

"Two Color Laser Operation in Er-Ho:YLF" by E. P. Chicklis and
H. P. Jenssen.

Copies of these papers/abstracts are included as appendices to this
report.
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2.0 PROGRAM RESULTS

Spectroscopic and laser measurements were carried out to char-
acterize the excitation and relaxation modes of the S levels (453/2:
5SZ:Ho) in Er-Ho:YLF. The specific tasks included:

® Measurement of fluorescence yields from both ions under
selective CW excitation

e Measurement of fluorescence rise and decay times at 300 and
77K under pulsed selective excitation

o Modeling of the energy transfer and quenching mechanisms of
the S levels

¢ Optimization of the Er and Ho concentrations for maximized
S level population

e Measurement of the stimulated emission cross sections of
both laser transitions at 300 and 77K

® Laser performance measurements at 77K
e Crystal growth.
2.1 Spectroscopic Measurements - Energy Transfer

2.1.1 Introduction

The 453/2 multiplet of Er3+ and the 552 multiplet of Ho3+ are

nearly degenerate in energy and when the two ions both are present
in a crystal one anticipates efficient resonant energy transfer (see
Figure 1). The rate equations governing this transfer can, somewhat
simplified, be expressed as:
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Ny = mW N =W N+, NS #R, (2-1)
0

I L P PO DL PP P

where N] and N2 are the S-level populations of Er and Ho respectively,
N] and w2 are the normal relaxation rates of the S-levels without
transfer and w12 and NZ] are the transfer rates between Er and Ho.

R1 and R2 are the pump rates. The main simplification here is that

a simple rate is assured for transfer. This might be a good approx-
imation when high concentrations of both Er and Ho are present in

the crystal and every ion of one specie with high probability has

an ion of the other specie as a nearest neighbor.

Based on the rate equations, experiments were performed in
order to measure the transfer rates. CW excitation measurements
and pulsed excitation measurements were carried out and are discussed
below.

2.1.2 CW selective excitation of one ion only

Under steady state conditions we can solve for Ny and N2 directly.

PSS LIVELPLIP

If we assume wlz = wz1 we get, when R] = R and R2 =0
N} g +:]ﬁ ++::2w B (2-2)
PR LIPAL LD
L S "
and when Ry = 0 and R, = R!
= Wiz 0!
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The measurable quantity under CW excitation is the relative fluorescent
intensity, or

I. = C.N-N. (2'4)

where Ni is the relaxation rate, Ni is the excited state population
and Ci is a constant. From 2-2, 3 and 4 we then get:

1 2 = 2 -1
<N1/N;> <"1/N§> X <11/1;> <I1/1§>

, (WyptWp) (WyptHy) (o5
: 2
i w]Z

Figure 2 shown the Er 453/2 > 4113/2 and the Ho 552 > 517

ion under the two selective pumping conditions. The crystal
had 2% Ho and 5% Er. From the spectra we have

| 1 2 -1
; 1 1 I 2 3
_ ( 1/12> ( 1/12> = 13.

w] and w2 determined from pulsed fluorescence measurements are:
W= 2 x 10° T and W, ~ 4 x 104 . The resulting Wy, is
then from 5;

sec” sec

2

4
(W, ,+4x10 )(w]2+2x1o4)

= 13
o
Wy2

or

& 2 x 10% sec”! ! |

W2
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2.1.3 Pulsed selective excitation
p 2.1.3.1 Introduction

f ‘ The general solutions to the coupled rate equations with w2]
assumed equal to w12 after a short pump pulse (R = 0) are

Ny = A1.e’Olt + Bie'st (i =1 or 2) (2-6)
|
| W, +W, +2W
where a(B) = _1__%___1_2_ (+) %\/(H.I-HZ)Z + 4»1122 (2-7)

and Ai and Bi are constants determined by the initial conditions.
For the initial conditions N] = No and N2 = 0, the solution for N2
will be of the form:

| iy (E) = 7% - ae™P (2-8)

N2 max occurs when N2 = 0, or

e(a'B)tmax o
B
g or tmax = M
i a-B

Equation 2-7 and 2-8 provide a prescription for determination of the
transfer rate from the observables tmax, H] and NZ. w] and w2 are
simply the inverse fluorescence lifetimes of Er and Ho respectively.
The parameter Tmax is the measured time after a short exciting pulse
that the fluorescence peaks when one ion is resonantly pumped and the
emission from the other ion monitored.

2.1.3.2 Experimental - 300K

Pulsed excitation data were taken at room and 77K using a PHASE-R
dye laser pumping small mixed crystals of Er and Ho:YLF. The experi-
mental setup is diagramed in Figure _3 . The PHASE-R was calibrated
in wavelength using a Jarrel Ash 0.5 meter monochrometer. Estimated
wavelength accuracy of the dye laser output was approximately =2A.
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The dye laser output consisted of a single pulse of width ~500ns.
This together with the large amounts of RFI generated by the high
voltage flashlamp discharge limited the fluorescence rise time measure-
ments to about lus. Measurements of the relative pump band quantum
efficiencies were not possible due to the very eratic amplitude
variation of the dye laser.

Figure 4 and 5 show the transmission spectra of Ho and Er:YLF
in the region of the S level pump bands. Since the object of these
measurements was to selectively excite the Ho and Er pump bands sep-
arately, it was necessary to identify pump bands for which there was
no overlap. At room temperature it was determined that 468nm pumped
Ho3+ and 523nm pumped Er3+. At 77K it was possible to pump Ho3+ at
533nm without overlap with the Er absorption.

Table _1 shows some of the results of these measurements at
room temperature in both singly and multiply doped samples. In the
singly doped samples the fluorescence rise is due to multiphonon
relaxation from the pump band to the S level. For the pump bands
investigated in Er and Ho the rate of this process is >106 sec'1.

In the multiply doped (Er and Ho) samples the S level fluorescence
rise (.85u or .75u) depends on which ion is pumped. Resonant pumping
of a Er or Ho pump band results in rapid fluorescence buildup in the
- same ion at roughly the same rate as in the singly doped system.
However, the fluorescence buildup time of the other ion is by con-

: trast very long. This indicates that the S Tevels are only weakly
] coupled at least over the range of concentrations investigated. This
is further evidenced by the fact that the measured fluorescence life-

times of the two ions in the same crystal are very substantially
2),

different in contrast to previous data( a transfer time much faster
than the relaxation time of each ion would result in the same fluorescence

lifetimes for both ions.

We can compare the results of the pulsed excitation experiments
f with the CW measurements in the following way. In section 2.1.2 a

transfer rate w]z 2 X 104 sec'] was inferred from the ratie of

-
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fluorescence amplitudes in the composition 2% Ho - 5% Er. In pulsed
fluorescence measurements the decay rates for Er and Ho are respectively

4 1

W, = 2 X 104 and w2 ® 4 x 10" sec ' for a crystal of this composition.
The peak of the fluorescence rise when the Ho ions were pumped and the
850nm Er fluorescence detected was tmax ~18us. From equations 2-6, 2-7
using the measured values of w], w2 and the CW value of wlz we calculate

tmax ~20us

e ST S e -

in good agreement with the measured value.
2.1.3.3 Experimental - 77K i

Pulsed fluorescence measurements using the same setup described H
above were carried out at 77K. Samples were mounted in thermal contact
with the cold finger of a laboratory dewar. The results are shown in
Table II . The fluorescence rise times are equal for cross-transfer
and the Er lifetime substantially longer than at room temperature. £
Using Hy, = 2 x 10°, Wy =5 x 10%, W, = 1.4 x 10% we calculate using I
2-6, 2-7

tmax = 45yus

close to what is observed. This indicates that the cross relaxation
rate is only weakly temperature dependent.

2.2 Optimization of the Ho and Er Concentrations

In the practical implementation of any activator-activator system :
it is necessary that the transfer rate between the two species, W]Z,
be very much faster than the decay rates of the individual ions. If
this condition is not satisfied then the transfer is ineffective for j
laser operation. This is simply because the population of the meta- :
stable level is drained away faster than it is fed by energy transfer.

Table III lists the measured decay rates and calculated transfer
rates, Wyp, as a function of concentration and temperature. The

«13-




estimated accuracy of the calculated rates based on the uncertainties

in the experimental values of tmax, w], wz is about *25%. The key
conclusion is that the transfer rate is only weakly dependent on temp-
erature and Er3+ concentration and furthermore, the cross relaxation
rate N12 is not substantially faster than the Ho3+ decay rate for any
composition or temperature investigated. In the case of Er at low
temperatures or at low concentrations H] < N]Z and moderate improvements
in3laser performance at 850nm yould be anticipated by codoping with

Ho™ .

Thus this specific activator-activator system differs from the
ideal in that the cross relaxation rate is not very much faster than
the metastable decay rate. The difficulty with this system appears
to be due to cross relaxation quenching of the S level metastables by
lower lying levels of the other ion. Figure _§ shows the possible
resonant transitions transfer and quenching of the S levels in Er and
Ho:YLF. The transfer mechanism is believed to result from

4 4 3 5

Er Ip = 52

S372 > 11572 %

with the double arrow denoting reversible transfer. The quenching
mechanisms associated with cross transfers are believed to be

4 4 5 5

Er:"Sqyp *1yyyp ¥ Hoi'ly =+

S I

8

5 -+ .4 i
In addition there are competitive rates of self quenching in Er and
Ho which are observed in the singly doped crystals.

s} l=
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To quantify these results we calculate the population of the
upper metastable at the fluorescence peak when pumped by cross trans-
fer. Using equations 2-1, 2-6, the measured values of w], wz, the
calculated values of o, B and w12, and the initial conditions at t =

R=0’N]=N°’N2=0
we have

: N]ZNO

o> Sl ity

substituting into equation 2-6 we calculate N2 at tmax. Results are
tabulated in Table IV below.

TABLE 1V

CALCULATED IMERSION MAXIMA DUE TO CROSS TRANSFER

CRYSTAL tmax NZ(MAX)
2%Ho - 2%Er 25us 0.26No
2%Ho - 3.5%Er 20us 0.23N0
2%Ho - S5%Er 17us 0.21N0
0.5%Ho - 2%Er 45yus 0.20No
0.5%Ho - S5%Er 23us 0.12No
2%Ho - 3.5%Er 40us 0.30No

77K

Nz(max) corresponds to the effective transfer efficiency when
one ion is selectively pumped. It is clear that of the initial pop-
ulation, No in one ion only about 20% is effectively transferred to
the other ion. The transfer efficiency would be much higher if N12
>>w], wz which is not the case for any of the compositions examined
at room temperature. The "optimum concentration" for transfer is

«}j8e
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~2%Ho - 2%Er at room temperatures.

For broad band pumping however, with Xe flashlamps cross-relaxation
quenching requires that very short lamp pulses be utilized to efficiently
pump the system. The enhanced pumping efficiency of each ion by cross-
transfer may be mitigated by the reduction in the fluorescence Tife-
time for both Er and Ho. At 77K Ho performance may be improved by
cross transfer as the 552 lifetime at 77K in singly doped samples is
about the same as in the co-doped crystal. Er3+ singly doped would
be more efficient since the 453/2 lifetime is very long even in very
high concentrations. For example, the fluorescence lifetime in LiErF4
is about the same as in 3.5%Er - 2%Ho at 77K. The absorption efficiency
of the former would be considerably higher(3) than the Tlatter.

)9




! 2.3 Stimulated Emission Cross Section

| 2.3.1 Introduction

The key parameters which determine the performance of a laser |
are the pumping efficiency and the stimulated emission cross section.
In the previous section measurements of energy transfer between the
S levels were described with the conclusion that the energy transfer
rate between the two S levels was not sufficiently fast to compete
efficiently with decay rates out of the S levels, particularly in
the case of Ho3+. As a result in the co-doped systems pumping effic- ]
iency higher than that in the single ion system does not appear likely.

In order to understand the results of laser operation of this

system the stimulated emission cross sections of the 5 517 (750nm-

4 4 i .
Ho) and the 53/2 > 113/2 (850nm - Er) laser transitions were directly

measured. The latter had been measured previous]y(3) at room temperature.

On this program both cross sections were measured at 300 and 77K.

52-»

The method used for measuring the stimulated emission cross
<4)and Tater by Singh et
al.(S) The method involves measuring the peak absorption coefficients

sections is the one described by Kushida

between the levels of the ground state manifold and the levels of

4 = . i .
the excited state manifoid of 5S2 (Ho) and 53/2 (Er). The absorotion
cross section is then determined from the relation

where cij is the peak absorption cross section for the line from
level i in the groundstats manifold to level j in tne upper manifold,
uij is the peak absorption coefficient for the same line, and Ni is

the population density in level i given Dy the active ion caoncentration
and Boltzmann statistics.

The stimulated emission cross section for the j = 1 transition

is given by

«20= !

DT N



w
4

~ . = _J.__.
= J gi i
where g, is the degeneracy of level i. The stimulated emissicn cross

section for a transition from level j to a level k that nas no thermal
population and therefore can not be observed in absorption, is given
oy

s e RS =

e Y (M) [oed haEs Y

Uj. B (nﬁ/ \xji/ <ci)ﬂ \aA%i;
o

where n is the refractive index, A is the vacuum wavelength, and
%% is the peak emission power per unit wavelength interval. Thus,

if gji is known from absorption, cjk can be found by measuring tne

peak fluorescence intensities for the two lines.

2.3.2 Er:LiYF4 (Crystal No. 215f)
The 850 nm laser transition in Er:YLF is from the 453/2 multi-
plet to the 4113/2 multiplet. The ground state manifold is the 4I]5/,
multiplet. The crystal field split levels are listed in Figure 7, 3
Thne laser transition from E1 to 84 is indicated, as is the transition
between A4 and E]. The latter transition was used to determine the
cross section. Thne laser line is polarizad with the E vector parallel
to the c-axis of the YLF crystal (w-polarized) such tnat all absorption
and fluorescence measurements have to be performed with polarized light.
The absorption measurements were performed wita the crystal
sample mounted in a variable temperature dewar (Janis Sucer Vari
Temp) witnh the dewar tail fitted into tne sample chamber of a Cary
14 double beam recording soectropnotomer. The fluorescencs measurs-
ments were performed with a 0.3 m McPherson spectrometer and a PMT
with S-1 photocathode. The spectra were normalized to yisid fiat
response over the wavelength region of interest by tne use of a
dedicated mimicomputer. The System response vs wavelengtah nhas ore-
viously been determined by the halp of a calibrated 1,000 W ¢
nalogen lamp. Calcite Glan-prisms wers used as solarizars

absorption and fluorescence measursments.
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Figure 8 shows tne polarized orption spectra of the

a

4 4 R - i TP
i . be seen, the A, + E, transition

g™ 53/2 transitions As can te s , T 4 £, S

Ds
is free of overlap of other lines. The peak absorption cross section

for tnhis line in the w-spectrum is:

a s 0.75 x 10719 cn® (771)

Figure 9 shows the polarized fluorescence spectra, including
both the E1 - A4 transition and tne E] - 84 transition. From tne
absorption cross section -, . and the ratio of the fluorescence
intensities, the stimu]ated4emi;sion cross section for tne E1 - 84
transition is determined from Eq. 2-8. The result is:

Gl e B o 1072 enl (776)

The absorption cross section obtained for the A4 - E] transition is

critically dependent on the actual Er3+ concentration in the crystal.
[t is here assumed that the concentration is the same as in the melt
from which the crystal was grown. The linewidth of tne laser line

at 250.3 nm is 2.8 cm! (FWHM).

At room temperature the absorption cross saction for *%

ne
=2 2
20 ity ne

O
=t

A4 -~ 51 transition in the w-sgectrum is 1.9 x 10
resulting stimulated emission cross section for the E] - 84 trans-
ition at 390K is:

"
=
=N
>
—
o
[}
3

g (m)

The room temoeifture ¢ross section had been previously measured on an-
other oroqram.( )The results obtained nere agree to within 10% of the
previous measurement.

2.3.3 Ho:YLF 750nm Laser Transition f

; . : 3* 5, 5 Sk S
Figure 10 shows the energy levels of the Ho Igs "Iy and 7s,,7F,
multiplets in LiYF4. The laser transition and tnhe ground manifold

transition used to determine the cross section are indicate

ne

method used to measure the stimulatad amission cross saction nere is

(8]

the same as used for Er:YLF.
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The peak absorption cross section for the A5(56} - E]{T
transition at 542.4 nm is 5.3 «x 10"Ocm2 at 300K and 9.5 x 1
at 80K. The corresponding stimulated emission cross section for tne
£1(18489)~ 8,(5165) ctransition at 750.3 an is 1.6 x 107 "8cm? at 8ok
and 9.7 x 10 cm- at 300K. The laser transition is w-polarized

and the fluorescent linewidth at 80K is 2.5 cm'z. At room temperature
the Tinewidth is 12 cm'z and the emission line is composed of at least
two unresolvable transitions. The peak stimulated emission cross
section at room temperature determined did not take this into account
and might therefore be in error by an estimated £30%. To take into
account the overlapping transitions, knowledge of which levels are
involved is necessary. Since there is some uncertainty about the
exact position of some of the upper levels in all the multiplets,
resolving the 750.3 nm emission line into its individual components

has not been attemptad. Spectra are shown in Figures 11 and 12. '

The parameter of interest when evaluating laser properties is
the gain at a total upper manifold population. Thus when comparing
lasers such as the 750 nm Ho laser and the 850 nm Er laser, the |
oroduct of the stimulated emission cross saction and the occupation |
: factor of the upper laser level should be used. These numbers are
given in Table V together with Nd:YAG as a reference.

Note that the lasar threshold is inversely proporticnal to the
Fo product. So for equal pumping efficiencies and fluorescenca
lifetimes one would expect at room temperature that Ho:YLF would
have a lower threshold than Er:YLF and conversely at 77K. Tne

observed laser data suggests that although tne S levels are coupled,
at least at room temperature, the ions exhibit different pumping
efficiencies. Er:YLF exhibits a lower threshold at room and at 77X.

-27-




AUSORBAMCE (O.D.)

BEST AVAILABLE COPY

PCLARIZED ABSCORPTICN SPECTRUM
0.5% Ho: YLF (266

rmd 4 MM

x.o}-
0.9

|
0.3k -

0.7 =

300K/ ! 300K /=

0.2 0.2~ \

ol o
e T |
9. mJ o = 5.3 \Aa\‘ﬂ i

" 530 340 350 ]

WAVELENG TH |NM) '‘NAVELENGTH (Nm) |

c

PRp————— Y=

335 340

'WAVELINGTH (NM)

Figure 11




BEST ‘AVAILABLE COPY

NCRMALIZED FLUCRESCENCE SPECTRA

Ho:YLF |
|
300K ‘¢
i | g :
\ ’
| b/ \
b Py P] a ™ ] ) % =5 "2
HAVELINGTH (N {
1 |
200K, u [ \ l
I
] | i3
iR |
| 13
| \ ’» |

JJ 08 i /
ey

Faa)
/ \\ 3‘ '\
/\ / \ I8
AW A Y
BT )

s 34i 42 iQ b i3 ca3
NAVELENGTH (Nm)

] a2

IS

i
'\ | rA
| N —
‘  ;
- L
389 PY) DY P9 P YRR B 3 ] 22 §
-

VAVELENGTH ' Nm)




TABLE V

CROSS SECTIONS & OCCUPATION FACTORS

Temperature g l F X g
(x 10" %em?) |
300 1.4 | 0.s8 | 0.81
Er:YLF
77 7.8 g | .98
) | |
300 } geT @] 1.07
Ho :YLF : :
; 77 | 16 | 0.24 | 3.84
i i |
| | 5
, |
Nd:YAG 300 % 5 s j 2
? s
o = Stimulated Emission Cross Section
F = OQOccupation Factor of Upper Laser Level

Laser Gain Proportional

=30«

to F x g

RIS\ i a0p e, S

N el o




2.4 Laser Measurements

Pulsed laser measurements were carried out using a rod of 3.5%Er-
2%Ho of dimensions 5 x 50 mm. The rod was high reflectivity coated
at 750-850nm on one end and AR coated on the other. The experimental
setup is shown in Figure 13 ; this pumping system is a modified ver-
sion of a commercial laser product, Sanders Model 5[7 laser. In this
setup the rod is cryogenically cooled with flowing LN2 and pumped by
a linear flashlamp. Gain at each transition was controlled by the
coupling mirror reflectivity.

Laser operation of both colors (0.75 and 0.85um) was demonstrated
both simultaneously and separately in this crystal. Laser output
power measurements reveal that in this composition (3.5%Er - 2%Ho)
the predominant power output is at 0.85um (Er). Figure 14 shows
77K laser performance data with a 2%Ho:3.5%Er:YLF laser rod operated
with different coupling mirror reflectivities. For the same output
transmission the .75 threshold is a factor of 5 higher than 0.85
threshold. The three traces of Figure 15 show the 0.85 and 0.75um
spiking oscillations and the flashlamp pulse. A1l three detectors
are triggered the same way. The onset of spiking a 0.75um threshold

suggest that these levels might be decoupled at low temperatures -

and that the 453/2 (Er) 1ifetime is considerable longer than 552 (Ho)
at 77K. Another possible mechanism is that the 0.75 laser oscillations
are quenched (possibly by excited state absorption) as lower lying
levels are populated by direct pumping and by relaxation. Specific
excited state absorption transitions however, were not identified.

A further point of interest is that the Er oscillations are observed

up to 100us after the flashlamp suggesting a strong pumping mechanism

(possibly upconversion) separate from multiphonon relaxation from
pump bands below the S levels. This is inferred from the fact that
none of the levels above the S levels exhibit fluorescence lifetimes
of this magnitude. The mechanism for the delayed stimulated emission
was not investigated in detail.
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Laser measurements at room temperature were carried out with
the same crystal but in a different (more efficient) pump cavity.
In these tests only .85um oscillations were observed - no .75um
oscillations were detected at up to 3 x the .85um threshold. The
poorer .75um performance may have been due to experimental conditions.
The flashlamp pulse width in all these experiments was considerably
longer than the 552 lifetime which at room temperature is about 1/2
the Er (453/2) lifetime in this composition.

In order to more fully characterize this system it was determined
that more laser crystals were required of different compositions.
It was decided to grow three boules of composition 2%Ho, 4%Ho - 2%Er,
10%Ho - 2%Er. Figure 16 shows the 2%Ho:YLF boule grown on this
program. Growth difficulties prevented growth of the other compositions
before the completion of this program.
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APPENDIX II
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Abstract - Laser operauoa of the ’51 = *1y transivoa in 2 percent
Ho: YLF at room is rep Osaill: at A 2750 am
" were obtiiaed in lashiamp and Jye laser pumped expenmena. Thresa- -
olds of 4 Jicm and 3 x 10™ J/cm were ocoserved in {lashiamp and
laser pump [ iy. The 7S0-am transition in the ]
Ho: YLF 13 2 four-evel (aser with 3 samulaterd ¢mission ross secaon of '
329.7x 107" om>.

ASER :mussion !rom :nvalent Ho is normally 1ssociatad
with the *1, =l transition in :he Ium region. This
transition has aperated (o 1 varety of host matenais with the
most efficient oom temperature operauon reported in Er-Tm
sensiuzed Ho:YLF (1], (2]. Morozov ¢r il (3] ind Podkoi-
ama er 2. (4] report the jenersuon d( many other laser
transitions fzom fugher 2xcited leveis in LiHOF, ind 2 sercent
Ho:YLF at 90 K :aciuding *Ss = *!; transition. We regort
laser operation of the *Sy = *{, tramsiton 1t room tzmpera-
ture in 2 percent Ho: YLF at \ = 750 nm. [aser operation was
obtaned with a Xe :lashlamp (thresnoid 4 J/cm) 1na with 3
0.43.um m dye [aser pumo (thresnoid .3 < 107! J/em).
The energy leveis of Ho: YLF are reported in (5| The mea-
sured {luorescence lifetimes of the ucper and lower 750-nm
laser leveis in 2 percent Ho: YLF at room temperature ire

15,:90= 10 s

} y:15 2 | ms.

YLF

No

he |EEE to return your art work?

Do you wish |

Yes

The Author

We see that the lifeume of the termunal manifoid is much
longer thaa that of the upper mamiold. A simdar situauon
3 exists for the 350-am liser tramsition (*Sy: =*liy:) @
Er:YLF (6]. Performance limitations imposed oy the lony

. lifeume of the lower maaifold wul ze discussed oeiow
) ‘\ Fig. | shows an unpoianzed 10sorotion sgectrum it room
:(A( temperature of 2 sercent Ho: YLF :rysial epaning wich the
upper laser level. [n low conceatrations most of the pump
bands in the 02-0.55-um regon ire opuculy thin ven
trough 2 0.9.cm path. Higher osorption coerficients it
higher Ho concentrauons (matesal quality 1n¢ ¢ase of growth
are essentiaily indegendent of Ho'® concentration) wesed
- wouid unprove the sumopung #cficieacy sut procaciy educe
the (luorescence lifeume of tne upper laser lsvei. For 2xam-
sle, the d room temperature lifeumes of the 'S,
fluorescence are 10§ us at 0.5 percent and 30 s ac I percent

_\/ with an accuracy of =iQ percent.

G Fig. 2 shows the *S; = *[, emussion in 7 and o polarization.
The laser line cocresponds 0 the sharp 7 transition (linewidth
3 B 12 &™) zencered 3t TS035 am. Measurement (7] of the
stimuiated emission cross section .§ comoucated 5y e many

To:

Deep Red Laser Emission in Ho

T
overiapping levels of the yround manifoid. The room ¢
ture cross secuion {or 7 zoianzed laser line s 3.7 X (07°
em*® compared o 45X (07" :m® i\ Nd:YAG. The ugn
Cross section s mutigated somewnat Jy e low Jccupauion
factor of the upper .aser .evel, oproximately !0 percent.
Gain is proportional 0 the product Of the :ross secuon ind
accupation factor.

Manuscriot received June |7, (977, revised Juiy 15,1977 The work

of E. ?. Chickls and €. 5. Naiman was siozocied By 1e¢ Sinders (R ind
e ind e ] wete sugported cv the |

Alr Force Office of Scienndic Researcn

€. 2. Chicklis 3ad C. 5. Numan ire witn
F Division, Sanders Associates, .ac.. Nasaua, NH 03061,
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‘Wisnungton, OC 20375,
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Flashpumped laser me: ts were made with 2 3X

22-mm rod mounted in 3 cluse coupied poished Al sump
cavity. The rod was pumped ~ith 3 3 X 20-mm. 5000-torr Ne
lamp with a clear fused quartz envelope. Flusilamp puise
width was 40 ws. With 3 9 percent transnutting <oupiing
mirror in 2 piane parailel resonator the puised thresioid was
12 J. The Iwr output was detected with 3 spike-filtered Si

diode: abuve threshold relaxation uscillations bdegan
wuhm about 10 us of the flashlamp imuiation :nd persisted
for the duration of the lamp puise. The waveicngth of the
oscilation was measured directly with 3 0.5-m graung mono-
chromator ind found to be 750.5 = 0.5 nm. The output was
aso visuaily detected off of a Jiffuse surface :n 3 wetl-ignted
room and exhioited 1 d2ep red hue

Under these pumping :onditions tne (amp current Jensity
was ipproximately 3000 A/cm®, wmich rosuited n lamp
emussion predominantly in the diue-uitravioet reqaen, ~un
sartcularly intense lines berweea .22 and J.25 um. Higa
lamp current densties are 1n genera required o efficiendly
sump this matesial for 1 pivea lamp pulse ¢nergy since id
the pump bands lie 20qve Q.35 zm iad :ne Tuarescence life-
ume is short. YLF is particuiariy suitadie is tne nost for this
transiticn since it s transgarent to (S0 am and tnus ul the
excited ieveis re iccessible. Furthermore. the uitravioie:
damage resistance ot YLF grown with punfizq feed n in
nert atmospnere (8] is extremery nign.

Laser operation using the same rod was 1iso ootained witn 3
lash-pumped dye laser (modified Svnergencs Mogel 1030).
tuned by 1 1200 jroovermm grating. The Jye laser vutput
was set to :ump the muitipiet centered 1t <30 1m. The rod
was p ly by 2xg ¢ the seam 0 20 mm
and then mcusmg with 1 wlmdm.:d ‘ens alony the rod lengtn.
The pump beam cross section 1t the rod was 0.5 X 20 mm.
The resonator consisted of 3 L radius aigh-ceclacuvity muerae
and a (1t output micror with | sercent transmission.

With 3 dye laser output puisewidth of 220 as. 750-un
osciilations were detected with 3 dye laser outzut ol Jniy
0.5 X 107" J. The delay between the 2xciting puise ind the
750-am laser output was less than (00 1s. inaicating ery
fast reiaxation from the <800-A muitipiet t0 *S,. Above
thresnoid muitipie soiking was ooserved Jut its Suration did
not exceed | us. Energy conversion efficiencies (dye liser
inout/750-nm outout) greater than 3Q percent wers measured
without optimization of the aciive ion concentration of
cesonator conditions. The maxumum 2ossidie sonvession
erficiency, limited oy the pnotcn decrement, .s < percent I3c
1 480-am pumg.

[n spite of the long lifeume of the *l+ manifoid it can 2e
shown that good 2nergy 2xtraction cin Ze dotained inder
certan condi in lash-pumped Q-switcheq dperation. in
he foll g i .l s d :nat no 1ppreciasie
amount of #xcitation in the upper laser ievei nas decayea dy
spontaneous emission defore tne laser is Q switched. Also it
is-assumed that thermal equiliorium is maintained among the
levels of the temmunal mamifoid even dunng the laser pulse.
which is reasonaoie zven e rapid manifoid refaxauon tmes
n solid hosts.

Far singie-shot ogeration, since the occuvation {actor of the
lower laser level in the termunai laser manifoid is ~1Q percent.
aperation weil adave threshold lasing continues uaul e ugger
laser level zopuiation is reduced o0 ~i0 percent of its .autal
vaive. Thus, up 10 ~90 percent of the inutial inversion can Se
extracted.

(n repeutively oulsed operation 'ne )
poouiation decays detwesn puises 9y 1 {actor of

i1

mantoid

€= exa (-T7)

witere T is the interpuise senod and 7 is :he *

s
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{f we denote the population deusity of the temunal mani-
fold due to the induced transitions for 2uch puise by 2. it is
easy (0 show that the asymptotic popuiuon Jensity of the
terrunal manitold is given by

A
Bn oo

Foe an output of 0.2 1 (rom 1 6.2 X 76.mm od, operating at
20 Hz,

p=32X10'7 ¢m”?
and
V=64X10" cm™.

Since the occupation factor of the :ermunal laser level is ~i0
percent the squiionum poputauon .V; ot that ievel is oniy

Vy=6Xx 10" ¢m™.

To see the significance of this popuiation density we caicu-
late the threshoid poouiation density of the upger ievei .Y, :

.V" = -—-:nR - é.
Ls a
where

R murror retlecavity. 0.7

§ scattenngioss, 0.C05 cm™

@ stunuidted emission coetficient, ~10
L rod leagth, 7.6 cm.

-8 om’

We have
¥, *3X 10 cm™.

Clearly the equilibnum pupulation of the ternunal mamiiold
is negligible for 22.4=m?® <-W laser at 20 Hz.

At sutficiently migh rer rates or Dower loadings the

inal levei popul wiil : significant, and limae
power output. To overcome this, severai ions mgnt e added
a codopants in the cryseal to sffectiveiy depiete the *l,
terminal manufoid (Th**, Nd*®, Dy*?, 2r°%). However, the
depleting ion must be chosea with care 50 that upper level
quenching oc 20sorpuon at the (aser line s avoided.

The *Sy = 1, Ho:YLF !aser may provide a practical augn-
pak power pulsed source in the zap between ruoy (694 nm)
and Er: YLF (8350 am). [t operates as 2 [our-levei iaser witn 2
high speaific zun and :ould operate 1t ‘ugh stficiencres it
room - in {lash-oumped operation. Qpumum
operauon may e ichieved with dye iiser flashiamos pumsing
tugn Ho concentration crysials. A T3Q-nm iaser is of practicat
interest because of the vauability of highly semsitive sotica
unaging recetvers ind znotograpmic {m in thus cegion. Fur
ther, such 1 laser may be sxtremely usefui for sumping :afza-
red orzanic dye lasers for 1 varety of appiications requinng
tunabie output n the 0.75-1.um regon it moderate puise
repetition rates.
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Fig. 1. Room

3 of
2 percant Ho: YL a0ove 600 nm.

Fig. 2. N of the ’51 =315 transition
1 ¢ and @ polarizauon it room emperature. Liser iasuon <or-
responds to the peak ceatered at 750.3 am.
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INTRODUCTION

The 750nm laser transition in Ho:YLF is only one of several
observed laser transitions in this materia1$1'4)1t is however, the
shortest wavelength transition and is of interest as it is a four
level transition which may provide an alternative to ruby laser systems

with the capability of higher repetition rates.(4)

* Work supported under AFOSR contract F44620-76-C-0111
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+ Consultant to Sanders Associates, Inc. 95 Canal Street, Nashua,
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The stimulated emission cross section is one of the parameters

? that is needed in order to both evaluate the potential laser material

and to design practical laser systems. The gain of the laser trans-
ition and the amount of energy that can be stored in the material for
Q-switching depends driectly on the cross section. Both of these
properties involve the product of the upper level occupation B, and
the cross section o. When the upper level is one of several levels
of a multiplet, the total pupulation of the multiplet determines
the stored energy. Only the population in the upper laser level
determines the instantaneous gain. Thus both o and the product Ro
are parameters.

The stimulated emission cross section for the Ho:YLF 750nm laser
transition as well as an accurate energy level determination of the
relevant multiplets are reported here. The peak stimulated emission

“19:m2 for the linearly

cross section was found to be o = 9.7 x 10
polarized laser transition at 750.3 nm, and the occupation factor

B = 0.1 at room temperature.

SPECTROSCOPY

The 750nm laser transition Ho:YLF is between levels of the 552 +517

multiplets. In order to determine the stimulated emission cross section
it is necessary to know what particular levels of the two multiplets are
involved in the transition. %he positions of the crystal field split

levels of HoS* dSS)

in YLF have previously been reporte however, the accur-

acy was not high enough to unambiguously identify the laser transition.

Because of the large number of levels in all the multiplets involved
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and their close spacing, most transitions observed could be between
any of several pairs of levels when an uncertainty of a few cm'] has

to be included.

5 a

3+
18,

Figure 1 shows the energy levels of Ho in YLF. Only the

5 5 5

I7 and 52’ F4 multiplets are included since these are the ones

used to determine the stimulated emission cross section for the laser
line. In YLF the site symmetry of the rare earth site is S4 and the
level disignations in the figure are irreducible representations in

this symmetry group, r], and P2 are singly degenerate levels whereas
F3’4 is a Cramer's degenerate pair. The selection rules for electric
dipole transitions in S4 symmetry help in identifying the energy levels,

however a great many transitions that are allowed are not observed in
3+

the case of Ho This is also the case for other rare earths in YLF

indicating that the 54 symmetry here is only a slight perturbation
(6)

of 02 symmetry. The use of only absorption and fluorescence spectra
was therefore insufficient information to determine the position of
most of the energy levels. The energy level scheme determined theor-
etically in reference (5)was based on a few transitions between levels
of designation that had been determined with high certainty from low
temperature spectroscopy. The resulting relative positions of other
levels were then confirmed spectroscopically.

In this work the accurate positions of the levels were determined
based on the theoretical relative positioning of the levels and care-
ful absorption and emission spectroscopy at 4.2K and intermediate

temperatures up to 77K. The wavelength calibration involved use of

mercury and neon spectral arc lamps. The frequency of the transitions

was obtained from the air wavelengths by use of tab]esg ) The resulting

i b 1ot i




| energy level positions in Figure 1 should be accurate to within
:lcm'] except for the upper levels in each multiplet that can't

be accurately determined due to overlapping vibronic transitions.
STIMULATED EMISSION CROSS SECTIONS

The method used for measuring the stimulated emission cross
sections is the one described by Kushida( )and later by Singh et
a].( ) The method involves measuring the peak absorption coefficients

between the levels of the ground state manifold and the levels of

the excited state manifold of SS2 (Ho). The absorptior

; cross section is then determined from the relation

Q
"

(%]

S~
=
—

where cij

level i in the groundstate manifold to level j in the upper manifold,

is the peak absorption cross section for the line from

“ij is the peak absorption coefficient for the same line, and Ni is
the population density in level i given by the active ion concentration
and Boltzmann statistics.

The stimulated emission cross section for the j - i transition

is given by
g.
R - §
where 94 is the degeneracy of level i. The stimulated emission cross
section for a transition from level j to a level k that has no thermal

population and therefore cannot be observed in absorption, is given by
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where n is the refractive index, A is the vacuum wavelength, and %%

is the peak emission power per unit wavelength interval. Thus if cji

is known from absorption, 9ik can be found by measuring the peak

fluorescence intensities for the two lines.
The 750.3nm laser transition is indicated in Figure 1 as being

5

from the bottom of the 552 level (E]) to the fourth level of “I. (B

7 (Bg).
Since the transition is a Fa+Ty transition the selection rules demand
linearly polarization with the E-vector parallel to the C-axis of the
YLF crystal (m-polarized). It is not necessary that the transition
used to measure the absorption cross for the upper laser level has

the same polarization as the laser transition. However, since the
ratio of the fluorescence intensities of the two lines has to be
determined, accurate measurements are easier obtained when only one

5

polarization is involved. For this reason the fourth level of ~I

8
(A4) which is a Iy level was chosen. The A4 > E1 transition is also
relatively free of overlap from other transitions. Figure 2 shows
the m-polarized absorption spectra Ho 518 > 552, S 4

542.4nm A4 > E] transition is well separated from any other lines.

F, at 80K. The

The peak absorption cross section calculated from the absorption
coefficient, the Ho concentration and the occupation factor of the

Ay level is 9.6 x 10'20cm2.

552 > 518 and 552 - 517 emission spectra. From the intensity ratio

Figure 3 shows the partial 77K m-polarized

of the 542.4nm l1ine and the 750.3nm 1line, and the absorption cross




section for the laser line is 1.6 x 10']8cm2.

At room temperature neither the absorption line nor the emission
lines are free from overlap. The main contribution to the lines seems
to be due to the original transitions however. With this assumption
the stimulated emission cross section at 300K is found to be 9.7 x
10']9cm2. The accuracy of this value is estimated to be +30% due to
the overlap problem. Room temperature spectra are shown in Figure 3.

It is interesting to compare the gain per unit inversion for
Nd:YAG and Ho:YLF. In the case of Nd:YAG, the stimulated emission
'19cm2 and the occupation factor of the upper
level is 0.4 giving a gain of 2 «x 10" 9em?.

“eml. with nearly twice the

cross section is 5 x 10
For Ho:YLF the occupation
factor is 0.11 and the gain 1 x 10
cross section the gain per unit inversion in Ho:YLF is only one half
that of Nd:YAG. It should also be pointed out that the allowable
energy storage depends on the inverse Bo product. So despite the

3

higher ¢ in Ho +:YLF, the Q-switched energy storage at the fluorescence

amplification 1imit should be about twice that of Nd:YAG.

S, PO A, g
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TWO COLOR LASER OPERATION IN Er-Ho:YLF
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ABSTRACT

Laser operation from two different, interacting ions in the
same host has been observed. Stimulated emission at 750nm (Ho) and
850 (Er) at 77K is reported. The crystal Er-Ho:YLF whose room temp-
erature stimulated emission cross sections are 9.7 x ’IO']gcm2 and
1.4 x 10'19cm2 respectively. Measurement of reversible energy
transfer between the upper laser levels is reported as a function

of Er and Ho concentration and temperature.




