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- .~I~~72:Er) transition s were

observed simultaneously and separately at 77K. Cross transfer
between the S levels was also observed and the cmss transfer
rates measured in crystals of five different compositions.
Cross transfer between the S levels is miti gated by other cross
relaxation transfe r schemes which quench the S level storage tii e
of each ion. Only about 25% of the initial population of one
ion is transferred to the other In the optimum concentration ,
2%Ho-2%Er , at room temperature . The cross transfer rate is on1~weakly temper ature and concentration dependent; at low temp-
eratures cross transfer is somewhat more effective as the decay
rates of each ion are longer. ~~~~~~___-- ._. -

The stimulated emission cross sections of the 750nm and
850nm laser transitions in Ho and Er:YLF was measured at room
temperature and at 77K. The results show that the 750 trans-
ition in Ho:YLF might be an effi cient laser in lamp pumped
operation as the cross section at room temperature ~ for this
four leve 1 tr ansi ti on is very hig h , 9.7 x 10— 19 cm~ (300K ,
1.6 x 10- 8cm’ (77K).

Laser operation from both transitions simultaneously or
separately was observed in the composition 2%Ho 3.5%Er:YLF
at 77K. In this composition the 850nm Er emiss ion dominates
at both 300 an~ 77K , in spite of j~ s lower cross section
(1.4 x 10 19 cm’~ - 300K , 7.6 x lO~~~cm’ - 77K)
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1
1 .0 INTRODUCTION

This final report describes the research effort carried out

* 
• 

to investi gate 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 metastab le levels can be gen-
erated.

* 
The specifi c 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 sing le rod doped with Er and Ho:YLF . The 750 nm laser line in
* 3 + . 5 5 . .  . . 3+ .Ho is due to the S - I transition; the 850nm line in Er is due

to the 
~3/2 

- 1 13/2 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. Chick l is , C. S.
Na iman , L. Esterowitz and R . Allen , lEE J. Quantum Electronics QE — 1 3 ,
No 10 1977.

• The following will be submitted for publication

“Stimulated Emission Cross Section of the 750nm Laser Transition
in Ho 3~~:YLF °  by H. P. Jenssen

and
“Two Color Laser Operation in Er -Ho:YLF ” by E. P. Chick l is and

H. P. Jenssen .

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

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



2.0 PROGRAM RESULTS

Spectroscopic and laser measurements were carried out to char-
acterize the excitation and relaxation modes of the S levels (4~ :Er ,
S2 :Ho) in Er-Ho :YLF. The specific tasks included:

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

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

• Modeling of the energy transfer and quenching me chanisms of
the S levels

• Opt im iza t ion  of the Er and Ho concen t ra t ions  for max im ized
S leve l  populat ion

• Measurement of the stimulated emissi on cross sections of
both laser transitions at 300 and 77K

• 
* 

• Laser performance measurements at 77K

• Crysta l  growth.  *

2.1 Spectroscopic Measurements - Energy Transfer

2 . 1 .1  Introduct ion

The 4 S 312 mu l t ip le t  of Er 3
~ a n d  t h e  5 S 2 mu l t i p le t  of Ho 3

~ a re
nearly degenerate in energy and when the two ions both are presen t
in a crystal one anticipates efficient resonant energy transfer (see
Figure 1). The rate equations governing this transfer can , somewhat
simplified , be expressed as:

-2-
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i
N 1 = -W 1N 1 -W 12 N 1 + W 21 N2 + R 1 (2 - 1)

0
N =

where N 1 an d N2 are the S-level populations of Er and Ho respectively,
and are the normal re laxa t ion  rates of the S - l e v e l s  wi thout

t ransfer  and W 12 a n d  are the transfe r rates between Er and Ho.
R 1 and R2 are the pump rates. The main s i m p l i f i c a t i o n  here is that
a s imple  rate is assured  for t rans fe r .  Th is  mi g h t  be a good  approx-
imation when hig h 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 equat ions , exper iments  were performed i~
order to measure the t ransfer  ra tes .  CW e x c i t a t i o n  measurements
and pulsed excitation measurements were carried out and are discussed
be l ow.

2.1.2 CW selective excitation of one ion only

- *  
Under steady state conditions we can solve for N 1 and N 2 directly.

If we assume = we get , when R 1 
= R and R

~ 
= 0

1 — 
~l2 +

N 1 
— R (2-2)

N 1 — 

W i2 R2 
— 

W 1 W 2+ W 1 W 12 +W 2W 12

and when R 1 = 0 and R2 =

N2 — 

W 12 R ’
1 

— 

~~~~~~~~~~~~~~

w + w ( 2 -3 )
2 .. 12 1 1N 2 

- w 1w 2 +w 1w 12 +w 2 w 12

-4-.



r

I
The measurable quantity under CW excitation is the relative fluorescent
intensity , or

• I
~ 

= C~W~N~ (2-4)

where W .~ is the relaxation rate , N~ is the excited state population
and C

~ 
is a constant. From 2-2 , 3 and 4 we then get:

(N~,Ni) (N~,N2) 
-1 

= 

~~ (I
~,~2) 

-l 
=

(W 12 +W 2 ) ( W 12 +W .1 ) (2-5)
2W i2

Figure 2 shown the Er 4S312 
-

~~ ~
I l3,2 and the Ho 5S2 + ~I 7

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

(I
~
/I
~) 

(I
~
/I
~
) 

-)  
= 13.

W and W determined from pulsed fluorescence measurements are :
W 1 ~ 2 x 10 se c and W 2 4 x 10 sec . The resu l t i ng  W 12 i s

then from 5;

(W +4 x 1 0 4 ) ( W  + 2 x 1 0 4 )

2

or

w 12 2 x l O ~ sec~~

— 5—
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FIGURE 2

Ho and Er Emission under Selective Excitation
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2.1.3 Pulsed selective excitation

2 . 1 . 3 . 1  In t roduct ion

The general solutions to the coupled rate equations with W 21
assumed equal to W 12 af ter  a short  pump pu lse  (R = 0) are

N 1 = A ie _ at 
+ B 1e~~

t ( i  — 1 or 2) (2-6)

W + W +2W I
where a(S) = 

1 2 12 
~~~ ½V ( W 1 _ W 2 ) 2 

+ 4W12 (2-7)

an d A 1 and B 1 are constants determined by the initial conditions.
For the initial conditions N 1 = N0 and N 2 = 0, the solution for N 2
will be of the fo rm :

N2 ( t ) = A 2e~~
t 

- A 2e~~
t (2-8)

N 2 m a x  o c c u r s  w h e n  N 2 = 0, or

e
_
~~

tm8x 
=

8
or t m a x  = ____________

c~-8

• 
• Equat ion 2-7  and 2 -8  prov ide a p resc r i p t i on  for de te rm ina t ion  of the

transfer rate from the obse r v ab les  tmax , U 1 and U2 . W 1 and  W~ are

s imply  the inverse  f l uo rescence  l i f e t imes  of Er and Ho r e s p e c t i v e l y .
• • The parameter  Imax is the measured t ime a f te r  a short  e x c i t i n g  pu lse

that the f l uo rescence  peaks when one ion is resonant ly  pumped and the
emiss ion  from the other ion mon i to red .

2 . 1 . 3 . 2  Exper imenta l  - 300K

Pulsed e x c i t a t i o n  data were taken at room and 77K us i ng  a PHA SE - R
dye laser  pumping smal l  m ixed  c r y s t a l s  of Er and H o : Y L F .  The experi-
mental setup is d iagramed in Fi gure 3 .  The PHASE-R was  c a l i b r a t e d
in wave leng th  us ing a Jarre l  Ash 0 .5  meter monochrometer .  Es t ima ted
wave leng th  accuracy  of the dye laser  output was  app rox ima te l y  ±2A.

-7-
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The dye laser output consisted of a s ing le  pulse of w id th  — 5 0 0 n s .
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
i n  t h e  r e g i o n  of t h e  S level pump band s. 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 wa~ determined that 468mm pumped

3+ 3+ . . 3+Ho and 523nm pumped Er . At 77K it was p o s s i b l e  to pump Ho at
533nm w i thou t  ove r l ap  w i t h  the Er abso rp t i on .

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

• investi gated in Er and Ho the rate of this process is >10 6 sec~~.

In the multiply doped (Er and Ho) samples the S level fluores cence
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 levels 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 substantiall y
different in contrast to pr evious data (2): 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
with the CW measurements in the following way . In section 2.1.2 a
transfer rate W

~~ 
2 x lO~ sec~~ was inferred from the ratio Gf

-9-

* . 
• • 

~ ~~~~~~~ ~~



• 
_ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~~~ - — --

I
t . — ~ • . •  ~~ • . * . : • ! _ i _ _  . ..• •

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~ ~H’ -’H ‘~

* • • •

• 

• _ H ~• • 
0

• ~~~~~~~~~ • .~~ ._ •••~~~
_ . •

-~

• ~- . - .1~ 
- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — . 

-~ • - •

* 
-

* 
-- - - -•- 04 - ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~0. 

~~~~ •±--~ 
_•

~T~ii~
__
~

_ _

i~ 

~~~~~~ ~~ 
— 

— — i_~~
_
~~~~ _ jssi~s~~1a 

— 

—

.~~~ : .~~~~~. ~: ~•_ • _ ~tii_it _
~~. 0 ~~~~ •~~~~

-10- 

•~~~~j~~~~~ _~~~~~0 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ ~~~~ H’: ~



_ _  

U H 
_ _* 

_ _  _ _

:~~~~::~~~ _ _ _  _ _ _  _ _ _  

-

:E~ ~~~~~~~~~ ~~ :~:~~~~ _ _ __ _

—. R _ i___ —
~~ 

. . 
~ 

• 1—
- • r ~i — — -

~~~~~~~~- ~• .-L — ~~~~—.  ~~•_ . _o~~• • • 
~~

•

~

•

~~~~~~~~~~
:— I- - • * •

~~~~~
•. —1 •• -

F~~: i~ø~~I~~ : _ _ _

~‘-;I•~ . I T  
________

• 
~~~~~~~~~~~ 

- •  

~~- - ~--~~~ • • - •~

~~~~~~~~~~~~~~~~~~~ ~
_ _ _  

I
- ~~~~~~~~~ 0

• 
_ _ _ _  •~~~~~~HI~~

- • H :
~~1. T fI J~~~~~T ~ L ; 

• Iii .

~~~~~~~~ TT~
I
~~~ 
; ~~ ;~ 

‘

~~~~~~~~

‘

~~~ 

1:

N OISSIWSNY~.L % *

— 1 1 —

* ~~~~~~~~~~~~~~~~~ ~~~ -• ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~L ~



.
~~~• • in

• ~~• 1. 1-
* —

in U) in
LU CD C~) CD

0 0 ~~ Q)
—
I—. —

— 4-’ U) 0 .4J — 0 0
U) 0 0 ‘.0 0 ~~ U) 0 U) 0 0 0 ~~ ~~ C C) ‘.0 0 ~~ ~~ C~.J C~)

~~ r.. o c.j r-. ~ ‘.o ~~ c’ I— U) ~~ .— — c ~~ ~~ — —
(-) 0
LU.-
~~

U.’
C-,

LU LU
C-,

~~ U)
I- LU

~~ 0 ifl in in in U)
LU in in in in in in ~~~. ‘.n ~~ . in ~~. ~~ ~~. in
Q_ _I ~~. ~~. ~~. 0 0 ~~ ~~ 1.0 0 ~~ . U) ~~. C~) ~~. I’) ~~. U) U)
~~ U. - ~~~ ,— ~~ C•..1 C%J .— ,— — U) .— . C\i ,— C\J — C’.J V C’.J —
LU U) V V V V V V V V V V V V
I— 0~~~

o UJ~~~o z<
~~ — L U

I- 0.

LU ~~
E
C

I-. 0

0 — - — — —. —. — r. — . .- .. . —
— 0 1. S.. S.- 0 0 % .  1 . 0 0 % .  S.. 0 01 .  1 .0 0  S~ 0 01 . 1 .

— I- = LU LU LU = = LU LU = ~~ LU LU = = LU LU = LU = LU LU
~jt C-) •.—. ____

w
LU ~~~

. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
• LU U) U) U) U) U) U) U) LI) LI) U) U) U) U) LI) U) U) U) U) U) LI) U) U) U)

0 0 N. ~~ ~~ N. N. ~~ N. N. ~~ N. N. ~~ ~~ N. I-.. ~~ N. N. ~~
LU
C’)

— — — — — —  — — —  — —  — — — — — —  — —  ——
0.

E
C —~. ~~~% a ~~~ — ~~~ a — es — — — ~~~ ~~~~ — ~~~% — — — — a —

~~~~ 0 5.. 5.. 0 01 . 1 .  0 0 1 .~~~~ 0 01 . 1 .  0 01 . 1 -  1 -0 01 .
~< = U.’ LU = LU LU = LU LU = = LU LU ~~ LU LU LU = LU__

- — .— — —• .-. ___ .~~ — — — ._. — _# .— — — — — — • — — —0.
Z c’ ~ ~~ rC ~~ ~~
~~ (‘) C~.J C~J ‘.0 ‘.0 CsJ (%J ‘.0 ‘.0 C\J ~~ ‘.0 ‘0 C’.4 ~~ ‘.0 ‘.0 ~~ C’J C~j  ‘.0 ‘.o
0 U) U) U) ~~ ~~ LI) U•) ~~ ~~ LI) U) ~~ ~~ U) U) ~~ ~~ U) 14) LI) ~~ ~~ U)

1. 1.
LU S.. C U . ’  0 O S . -

0 ~ Q LU = ~ Q S.- LU
= U) ~~ ~ Q U) 0 1 .  LU 0 %~

• 0 C~J • LU U) ~~ U) b~ = Ui
* < C\1 (~) — C’) • C~J • LI)

I I C’J LI) 0 0 C%J C’4
Cd, ‘4- C’~ C’)
>- N. N.

— ‘.0 0’ C’) U) ‘.0
C’)

— ~~~
. 

~~~

.
_ _ _ _ _  ~~~

. 
_ _ _ _ _ _ _

- 12-

________ — 
•• -~~~~~

-
~~~~• ~~~~~~ 

-•
~~

- — • ---••
~~~~~~~~~

“ -• -
~~

• • - •



fluorescen ce amplitudes in the com po sition 2 %  Ho  - 5% Er. In pulsed
f l uo rescence  measurements the decay ra tes  for Er and Ho are r espe c t i ve l y

~ 2 x 1 O4 an d W2 ~ 4 x ~~ sec~~ for a crystal of this composition.
The peak of the fluorescence rise when the Ho ions were pumped and the

• 850nm Er f luorescence detec ted was tmax - l8~.ss . From equat ions 2—6 ,  2 - 7
using the measured va lues  of W 1, W 2 and the CW va lue  of W 12 we ca l cu la te

• • tmax ~20~ s

in good agreement w i th  the measured va lue .

2.1.3.3 Experimental - 77K

Pulsed fluorescence measurements using the same setup described
above were carried out at 77K. Samples were mounted in thermal contact
wi th  the co ld  f inger of a laboratory  dewar .  The resu l ts  are shown in
Table I I .  The fluorescence rise times are equal for cross-transfer

• and the Er lifetime substantially longer than at room temperature .
Using W 12 = 2 x ~~~ W 1 = 5 x l0~ , W2 = 1.4 x 1O 4 we calculate using
2-6 , 2-7

tmax =

c lose  to what is observed .  This i nd i ca tes  that the cross relaxation
rate is only weak ly  temperature dependent .

• 2 .2  Op t im iza t i on  of the Ho and Er Concen t ra t i ons

In the prac t ica l  imp lementa t ion  of any activator-activator system
it is necessary that the transfer rate between the two species , W 12 ,
be very much faster than the decay rates of the individual ions. If
this cond i t ion  is not s a t i s f i e d  then the t ransfer  is i ne f f ec t i ve  for
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 calcul ated transfer
• rates , W 1~~, as a function of concentration and temperature. The

-13-
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I
• estimated accuracy  of the c a l c u l a t e d  ra tes based on the uncer ta in t ies

in the exper imenta l  va lues  of tmax , W 1 , W 2 is about ±25% . The key
conclusion is that the transfer rate is only weakly dependent on temp-

• e rature and Er 3+ c o n c e n t r a t i o n  and fur thermore , the cross re laxa t ion
• • 3+rate is not subs tan t ia l l y faster than the Ho decay rate for any

composition or temperature investigated. In the case of Er at low
tem pe ra tures  or a t low con cen tra ti o n s W 1 < W 1~ and moderate improvements
in laser performance at 850nm would be antici pated by cod oping with
Ho3t

Thus this specific activator-activator system differs from the
• ideal in that the cross relaxation rate is not very much faster than

the metastab ie decay rate. The dif ficulty with this system appears
to be due to cross relaxation quenc hing of the S level meta stabies by
lower lying levels of the other ion. Fi gure 5 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

Er S312 1 15/2 18 ~~

with the double arrow denoting reversible transfer. The quenching

• mechanisms associated with cross transfers are believed to be

E 4S -I.4 I -
~ H ~~~~r. 3/2 11/2 ~ - °~ 7 8

H 5S ~I •4- E ‘
~I° 2 4- 6 ~ r. 15/2 •4- 

11 / 2

In addition there are competitive rates of self quenching in Er and
Ho which are observed in the singly doped crystals.
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L
To quant i fy  these resu l t s  we c a l c u l a t e  the popu la t i on  of the

upper metastable at the fluorescence peak when pumped by cross trans-
fer. Using equati ons 2-1 , 2-6 , the measu red values of W 1, W 2, the
calculated values of 

~~, ~ and W 12, and the initial conditions at t = 0

R =  0, N 1 = N0, N2 = 0

• we have

A — _______ -

2 - 

8 
-

• subst i tut ing into equat ion 2-6 we calculate N 2 at tmax . Results are
tabulated in Table IV below .

TAB LE IV

CAL CU LATED IM E RS ION MAXI MA DU E TO C RO SS TRAN S FER

CRYSTAL tmax N 2(MAX )

2%Ho - 2%Er 25~s O.26Ih1~
2%Ho - 3.5%Er 2Ous O .23N 0
2%Ho - 5%Er l7us 0 .2lN 0
0.5%Ho - 2%Er 45~.ss O .20N 0

• 0.5%Ho - 5%Er 23i.s s 0 . l2N 0
I

2%Ho - 3.5%Er 4Op s 0.30N 0
77K

N2(max) corresponds to the effective transfer efficiency when
one ion is selecti vely pumped. It is clear that of the initi al pop-
u l a ti on , N0 in one ion only about 20% is effectively transferred to
the other ion. The transfer efficiency would be much hi gher if
‘>
~‘l ’ 

W 2 which is not the case for any of the compositions ex amined
at room temperatu re . The “optimum concentr ation ” for tran sfer is

-18-
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—2%Ho - 2%Er at room tempera tu res .

For broad band pumping however , with Xe flashlamps cross-relaxation
quenching requires that very short l amp pulses be utilized to efficiently
pump th~ system. The enhanced pumping efficiency 0f each ion by cross-
transfer may be mitigated by the reduction in the fluorescence life-
time for both Er and Ho. At 77K Ho performance may be improved by
cross transfer as the 5S lifetime at 77K in singly doped samples is
about the same as in the co-doped crystal • Er singly doped would
be more efficient since the 4S312 lifetime is very long even in very
high concentrations. For example , the fluorescence lifetime in L iErF 4
is about the same as in 3.5%Er - 2%H o at 77K . The absorp t ion  e f f i c iency
of the former would be considerably h igher ~~~ than the latter.

-19-
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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 sufficientl y fast to compete
efficiently with decay rates out of the S levels , particularly in
the case of Ho 3~ . 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 5S ~I (750nm-
Ho) and the S3,~2 

-
~ 

1 13/2 (850nm - Er) laser transitions were dire ctly
measured. The latter had been measured p revious i y~~~ at room temperature.
On this program both cross sections were measured at 300 and 77K.

The method used  for m e a s u r i n g  the s t i m u l a t e d  e m i s s i o n  c r o s s
s e c t i o n s  is the o ne d e s c r i b e d  by K u s h i d a  (4 )  and l a t e r  by S i n g h et
al . The method i n v o l v e s  m e a s u r i n g  t he peak  a b s o r p t i  on coeff i c i e n t s
be tween the levels of the ground state manifold and the le vels of

• the exc ited state mani f oi d of 5S2 (Ho) and (Er). ~The aoso r Dt i o n

cross sect ion is tien dete rm ined from tie relation

• =

wher e ~s the peak abso rption cross sect i on for the line  from

level i in tie ground stat e m a n i~~cl d to ~evei ~ in tie upper r nan i f olo ,

is tie peak ab s o r ot ion coefficie nt for tie same i i n e , and Ni i s

the p boul a ti o n de n sity in level i g iv en Dj tie act ive ion c 3n celt r ation

and B ol tz ma n n statistics.

T:ie st imulated e m i s s i o n  cross sa ct~ tn ~t r  t~ e j — i trans i t i o n

i s  g i v e n  by

-20-
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~~ere is the degeneracy of level 1. The sti m u l a t e d  e m i s s i o n  cross

sec t i o n for a transition from level j to a level k that nas no the rmal

population ari d therefore can not be observed in absorption , is given

by

ri ‘ 5
- (_J.~i ~~~~~ r (dl ‘~ (dl

\~~. .1 ~X . .  I \~~~~j •, ~~~~~~~~~~~~31 13 31 31

*~ r~e re  n is tie refractive index , A i s the vacuum N ave i en oth , an c

is the peak emission power per unit w avelength interval. Thus ,

~~ is known from absorption , 
~jk 

can be found by measuring tne
peak f1uor 3scence intensities for the two lines.

2.3.2 Er:LiYF 4 (Cr y s ta l No. 21Sf)

The 850 rim laser transition in Er:YLF is from the m u l t i —

plet to the 1 1 3/2 multip l et. The ground state manifold is the
n uitiolet. The crystal field s p l i t  levels are l isted in Figure 7.
Tie laser trans ition from E 1 to 84 is ind i cated , as is tie tr a nsi t ion
between and E 1 . The latter tran s i t i on ~as usCd to dete rmine tne

c ross section. The laser line is polarized w i  tn the E *Iecto r oa r a l l e l

to the c-axis of the YLF crystal h -pola ri zed ) such tna t all aos or~ ti on

an d fluorescence measurements have to be oerf ormed w i th p o la r i z e d l~~ ;nt .

The absorption measuremen t s were performed w i t h  tie crystal

sample mounted i n a v a r i a b l e  temperature de .•~ar (Janis Sut er Ia n

Temo ) w itn the dewar tail fitted into tr~ sample cnam ber of a ~a~ j
14 double beam recording soectro ohot om er. The fluorescenc e meas ure-

men ts were perfo rmed .~ith a 0.3 m ~4cPher son spectrome t er and a
with S- l photocathode. The spe ctra were n o rrn al~~ze d to ~~e io  f i a t
response over the wa ve l en g t n re gion of intere st by tie use o~ a
dedicated mi m icom o uter. The system r eso ons e vs w ai e i e nc:.~ na s t v c .

ilo u slv been deter m~ ned ~y tne h e l p or a cal io ra t ed ,JCu ~I

n a l o~ en la m o . Calc i te G lan -~ r i sms were use d as o o i a r i z e n s , :c:n in

~o so r ot i o n and fluorescence m easureme n ts.
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igure 8 snows tie polarized a bs o ro tion so ec t r a of tie

i
i 5/ 2 ~~

* 
4S 312 transit i ons. As can be s e e n , t ie A 4 S. t r a n s ’ t i o n

is  f r e e  of o v e r i a p  of  o t h e r  l i n e s .  The t e a k  a o s o r o t i o n  c r o s s  s e c t - o r
fo r  t n i s  l i n e  in the ~ - s p e c t r u m  i s :

0 - = x .~~- l 9  cm 2 ( 7 7 K )• A 4~~~~ 1

Fig ure 9 shows the pol ar ized fluorescence spectra , in cl u d in ~
both the — A 4 transition and tie E 1 B 4 transition. From the
absor p t io n cross section ~ and the ratio of the fluorescence

intensities , the st imuia t ed 4e;dsion cross section for the E 1 34
transition is determined from Eq. 2-8. The result is:

7.6 x l0~~~ cm 2 ( 77K)

• The absor otion cross section obtained for the A , — S t r a n s i t i o n  is
cr i tical l j dependent on the actual Er 3 conc e nt ration in the crysta l .
tt is here assumed that the concentration is the same as in tn e me l t

• f r o m w h i c h  the c r ys ta l  was g r ow n .  The l i n e w idz h  of the l a s e r  l i n e
at 3 5 0 . 3  nm is  2.8 cmn~~~ ( FWH ~~)

At room temper ature tie a b s o r p t i o n  c r o s s  s e c t i o n  f o r  the
— 5 , transition in the m - s ee ct rum is 1.9 x 10 -20 cm 2 . The

resulting stimulated emission cross section f~~r the — 3~ tran s-

itio n at 300K is:

• (~r) = 1 . 4  x cm

The room temoerature cross sect i on had been previousl y m e a s u re d on an-
other oroq ram .~

3
~~The results oot ai ned nere agree to w i t h i n  10~ tf ~ie

p revious measurement.

• 2 .3.3 Ho :YL F 7 SO nm Lase r  T r a n s i t i o n

F igu re  10 shows  t he energy  l e v e l s  o f  the Ho 3 
~~~ 

an~
m u l t i t 1 ~~t~ in Li’( F4 .  The l a s e r  t r a n s i t i o n  and t ne g r o u n c ma n i 3~ o
t r a n s i t i o n  u s e d  to d e t e r m i n e  the c r o s s  s e c t i o n  a re  i n d i c a t e d .  T ie
m e t h o d  u s e d  to m e a s u r e  t ie  s t i m u l a t e d  e m i s s i o n  c r o s s  s e c t i o n  ne~ e i s
t ie  same as used  for  E r : Y L F .

-23-
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The p eak abso rption cross section for the A (56) — S ( 1 3 4 3 9 )

• t ransition at 542.4 rim is 5 .3 x 10~~ cm at 300K and 9.6 x 10 cm

at 80K. The cor responding stimulated emission cross sect ion for the

• E 1 (1 8489)-.. B4(5l65) transition at 750.3 rim is 1.6 x lO~~
8cm 2 at 80K

an d 9 .7 x iO 19 cm 2 at 300K. The laser transition is i -polarized
• and the fluorescent linewidth at 80K is 2.5 cm 2 . A t room temperature

the l inewidth is 12 cm 2 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 thi s 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 m u l t i p i e t s ,

resolving the 750.3 nm emission lin e into its i n d i v i d u a l  components

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

The parameter of interest when evaluating laser properties ~s
• 

• the gain at a total upper manifold population. Thus when conip ar~ing
• 

* lasers such as the 750 rim Ho laser and the 850 nm Er laser , tie

* product of the stimulated emission cross section and the occu p ati on

factor of the upper laser level should be used. These numbers are
* g iv en in Table V together w ith N d:YAG as a reference.

Note that tie laser threshold is inversel y proporti o nal to tie
• • F~ product. So for equ al pumping efficiencies and fluorescence

lifetimes one would expect at room temperature that H o:YL F w ould

have a lower threshold than Er:YLF and converse l y at 77K. The

observed laser data suggests that although the S levels are cou ole d ,
at leas t at room temperature , the ions exhibit different Dum P ing
e f fi ciencies. Er: YLF exhibit s a lower threshold at room and at 77K.

• 
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* Se

T A B L E  V

* 
CROSS SEC TIONS & OCCUPATION FACTORS

Temperature F F x ~
______________________ _________________ 

(x
__

lO~~
9 cm 2 ) 

________ __________

300 1 . 4  0 . 5 8  0 .31
Er :YLF 

_________________ _______________ ________ __________

• 77 7 .6  0 .77 5 .85

300 9 .7  0 .11 1 .07
H o : Y L F  

I 

*

- 
77 16 0 . 2 4  3 . 8 4

N d : V A G  300 5 0 . 4  2

* 
= S t i m u l a t e d  E m i s s i o n  C r o s s  S e c t i o n

F = O c c u p a t i o n  Fac to r  of Upper Lase r Level

L a s e r Ga i n P ro p or ti o n a l  to F x o
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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 hi gh reflectivity coated
at 750-850nm on one end and AR coated on the other. The experimental
setup is shown in Fi gure 1 3 ;  this pumping system is a modified ver-
sion of a commercial laser product , Sanders Model 517 laser. In this
setup the rod is cryogenicall y cooled with fl owing LN 2 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 0.85j.tm ) 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 0.85 im (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 hi g her than 0.85
threshold. The three traces of Figure 15 show the 0.85 and O .75~m

• spiking oscillations and the flashlamp pulse. All three detectors
are tri ggered the same way . The onset of spiking a 0.75~.im threshold

• suggest that these levels might be decoupled at low temperatures -

and that the 4S312 (Er) lifetime is considerable longer than 5S2 ( H o )
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 lOOi s 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 maqnitude. The mechanism for the delayed stimulated emission
was not investigated In detail.
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SIMULTANEOUS .75 / . 8 5  LASER O S C I L L A T I 0 ~ 5

Output  C o u p l i n g ;  95% at 0 . 7 5
94% at 0 . 85

ROD 4 8 9 . 2 :  2% Ho , 3.5% Er:YLF

_ 0 8 5  ~m

0 . 7 5  ~m
• —- •_____. _.._..—.~~~~zoe

~~~
_ _ ___ 
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I
Laser measurements at room temperature were carried out with

the same crystal but in a different (more efficient) pum p cavity.
In these tests only .85~m oscillations were observed - no .75um
oscillations were detected at up to 3 x the .85km threshold. The

* 

poorer .75~im performance may have been due to experimental conditions.
The flashlamp pulse width in all these experiments was considerably
longer than the 5S lifetime which at room temperature is about 1/2
the Er ( S312 ) 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 ,
lO%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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ins 3 ~ai 2 aa SiSil7

Flaalspuniped l~s~ e meoaim rentents were l ioUc , m i i i i  a 3 4
2’mm rod m ounted in a Jo~ oupled puiis hld ~.i Pum p

cav ity. The rod w as pumpe d with 5 3 X 0onin ,. 3000’corr \e
lamp wi t h a clear (used quartz enrielooe . Fi ssiilani p pi.sae
width was 40 .ma . With 9 percent trananuitci n~ cou p4iti ~
mirror in a plane parailel resonator the pulsed ibreshiold was
12 1. The laser output was ,ieieite d sills a sp ,k.e .i~Itere d Si
photodiode: above threshold relaxation ~si:llstions bc;an
within about 0 .~a of the fladsLanlp n,t ialion .sisd pe r sisted
for rIse duration 3( the snip pulse . The warietr n5th ~f iii.

~~~~~uon was measured directly wi t h a 0.S’m ~ratiri~ mono-

— - 
chromator and found co be 750.5 :0,5 rim. The output was
also visually delected off of a ditfuse surface so w eII4i~inte d
room and exhibited a deep re d h u e

Un der these pumpin5 ~ond:ttona ne snip current .iertamtv
was oppro xunat ehy 5000 AIcm , wilicti csosle o .n imp
emission ~redominan t ly so In. hl ue .vl t rav ,oiel :e~iUn , with

particularly ntense iries helw~ets 0.~~ and 3 d .sm. Hi;ri
amp ourrent scrs, t ies are its ;enerai :r uir:d -s etficaently
pump this material ~or a ~srien amp p ulse ener gy Si55C sd

~~~~~~ tho pumP bands Lie soove 0.55 .ini and tb .  luor esasitce rte .
t ime 15 snort. ‘(‘LI LI particuiarly iuit5blc .o I.e riLaSt (Or thus

~~~~~ transition since it s lrasssparent to ISO rust and t rio s au ha

c 

excited Levels are accessible, Furthermore . toe jat ravIolet
dsma~e resaItOrIcIl of YLF Erown -w,ttt pur.lioa feed fl Ofl

~~~~~~ nest atmos phere (Ej o ext rem ely ti ~Zt.

‘ 
Laser operation usin~ thre so me roo was also obtained witn a

~~~~~ flash-pumped dye L aser (mosisi’ied Syner Li ellits Mo-its 050).

~~~~~ 

tuned sy a 1200 5rooveumnm lrattn~. The aye :aser sutpiat

\ ~~~ was set to Pump rise ttsulupiet .nenterto at 0-60 ‘mm. The rod

and then focusing with a ~vl isdr waI ens iiun~ tIne rod let,~ tri.
• ~~~~~ was pumped tranavetarf y sy sxpamsain~ he ‘meam to 0 tr im

The pump beam ~rosa section at he rod was 0.5 X 20 trIm.
The resonator onsuste~ of a sn cau.ius ni4it .cet tecuriit y mirro r

ç) 
and a fl at ou lput mirror with 1 ,eroent transmission.

c With a dye Laser out put pulaewid t h si .20 mis. 750.siin
osci llations wer e detected s u it , a .iye Lasc r outaul al on ly
0.5 X 0~ 5. The delay betwe en th e exc :ti n~ ps.iiso intl :ltr
750-nm lase r output was Less train 100 ‘ma. no icato n; cry
rast relaxation Cram the ,iSOO.A .‘tiultipiet (0 ‘S~

. AbonC
threshold isuiti ple sviksan; -was aoserv ed out is , u r a t:ort iso
soc exceed I .is. Enerey sonve ral on e iiic ermctes kayo :aser
npue /750-nm .auiputl greater han 30 perarmi t w ere measured
without op ti mszatt o n of the Sis t ine on so ncost r l:on or
resonator oondi t io ns, flo e rtcaa laimum poss ibie son riersi on
eirsctency, Lim ited oy the pnol c is decrement . .s pl rc rr .t fa r
446Q~’,m pump.

la spi t e of she on; sft ci rrte of Ote ‘I. manifo ld .t ~an on
shown that hood eher y IxIracuo n . sxt on o0t ~ined ander
certain conditions n :‘.ash.purotved Q.sw itcfmera .aperOtLun. i
soc foilowus; asiculattons .t is assumed toat to avorec anhe
amount of vx c it atl o n on the upper Lase r eve) us oecayeo s y
spontaneous emission before t i e  Lose r :s Q awi tc o ed. Abso ita ssnumed that thermal equilibrium a maintained among the
Leve ls of the terminal tnazul’ohd even ~urur; the :aoer pulse .
w hacn is reasonsole •gaven one rapid manifoLd te:acumt OTo t5 015
in solid hosts.

Fo r sin ie.ihot operation. since the occitoatLon factor at t x
owe r Laser eve) is the terrrririal lase r rttanitoid a — 0 per cent.
operaoon wel l aoove threshold Latini car irin ues sou l s t e  icrer
Lase r Level popu lation a :rrauced to l0 percen t of to .oit:sI
value. Thus, op to -~50 percent ,~f hr init ial invIrOLOus sali 01
extracted.

in repetitively :ulud scemalion roC errr:crai mans faid
populat ion decays between pu ls es ~y a Lac :or of

e • e x p ( - T ’ r l

w here T :s the hie rpul se rietio d arid ? 5 :00 ‘I.
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If we denote inc population ‘,bCiisit V us t ne tehhllnS) insist.
fold due to the induced transitions or ~‘,icis puisc by p. ii .s
easy to show that tine asymptotic populsuon ~irt5ib~ of rite
terminal msniluld is given by

1 - e

Foe an output o(0,2 S from a 6. X 76.ttsns tod.ope tmting at
30 Hz.

p .3 .Z X tO i? 0ni~
5

— . and

6,4 X 1015 cm

Since the sccsopation factor of the :ertn usal laser eve) 5 L 0
percent the equilibrium population ,V1 oi that leve l is on ly

4 L0 i~ crn 5

To see the signi floance of this population density w e salissu -
Late lie threshold povuiataon density of the uppe r level ‘.‘~~.

~~~~~~~ 
- m R  S

~~~~~~~~~ u 
‘ ~

(~~ / where

(~ nirror rei le ct ivi ty. 0.7
5 icattenng loss, 0.005 ctn ’

~~~~~~~ o sumui~tcd emiss ion coefi’ictsnt . tQ~~L rod length, 7.6 cm.

~~~ W~ have

~V • JX  I04’ sin”.
Ciesrly tlte equilibrium population of the ternuitl’.u mnatii(olu

~ 
~~~~~ a negl igible f ist a,~.4—cm5 I-N laser at 20 Hz.

~- ~~~~~ At staiflenently high repetit ion rates or power loaoings tir e
terminal Level population -sill oecome uignificont, and u n i t

• 
‘\j hi power output . To ove rcome this, seve rsi ions might be added

‘~~ Sc codopan ts in the crystal to ~ifec t iveiy dep lete se
- ~“v~~ terminal manifold Th~~. ~~~~ Dy ” ?r 5 ). However , r i te

• ‘ .~ depleting ion insist be chosen with care 10 that upper eve)
• 

- F quenc hing or sosorption at the Lase r t ine s avoid ed
The 5 5~ ~~~ Ho: ’fL F L aser may provi de a practt c as th i n ’

• - .i) psk power pulsed source in the gap between rosy d~ .t o rtn l
and Er:YLF (650 nni). it -operates usa f~ur-Level taaer -w ’ sn a
high ipeciti c 5atn an d could ooeraw at Lnsgii nthi c ien ctes at
room remoe rature ti r~ash’pumpeu operation . Optimum
operation may be achieved ‘with dye Laier tiaah.lansou osatrtoln;
ugh Ho concentration ceysasis. A ’5O.nnr use r a at ,ractrcai
interest because of the availability of hlgi’iy se r sitive aolicaa
maging receivers and pnoeogmp nlc t’iIii so this e t on Fo r -
thee, such a l aser ‘tray be extremely useful for pumping ti lts-
red ocganic dye Lawn Sot a .anety ~f applications tequirOng
tunable output in the 0,75-l..im reg ion at rtto.,herate pulse
repetition rates,

ACXZ4OWt.EO Gt ,lEtlT
The suthoes w~ui4 hik~ to thasse Dr . 4. ?. lerissen ni t ’me

Department ~( Eiectrh cal Engineering. Yutasaac,’susetts Lnst stu t e
of Technoiogy , for measurement of the ortr isnios cross section
of the laser tr2naition and the emission spectre .
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INTRODUCTION

The 750nm laser transition in Ho :YLF is only one of several

observed laser transitions in this m ateria lP ”~~ It is however , the

shortest wavelengt h 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 hi gher repetition rates .~~~

* Work supported under AFOSR contract F4462 0-76-C-Olll

4’ Consultant to Sanders Associates , Inc. 95 Canal Street , Nashua ,
N.H. 03061
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The stimulated emissio ’i cross section is one of the parame ters

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

a- switch ing depends driectly on the cross section. Both of these

properties involve the prod uct of the upper level occupation 8, and

the cross section ~ 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 8~
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 mu ltiplets are reported here . The peak stimulated emission

cross section was found to be ~ = 9 . 7  x lO ”19 cm 2 for the linearly

po la r i zed  laser  t rans i t ion  at 750.3 nm , and the occupation factor

8 = 0.1 at room temperature.

SP E C T R O S C O P Y

The 750nm laser transition Ho:YLF is between levels of the 5S2 .~ I 7
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. The positions of the crystal field sp lit

levels of Ho 34’ in YLF have previously been reported c5~however , the accur-

acy was not hig h enough to unambi guously identify the laser transition .

Because of the large number of levels in all the mu ltiplets 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.

Fi gure 1 shows the energy levels of Ho 3’~
’ in YLF. Only the

~I 7 and 
5S2, 

5F4 multiplets are included sin ce 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 fi gure are irreducible representations in

this symmetry group, r1, and r2 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

the case of Ho 3’
~. This is also the case for other rare earths in YLF

indicating that the S4 symmetry here is only a slight perturbation

of D2 symmetry .(6.) 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 i1i reference ~~ was based on a few transitions between levels

of desi gnation 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 tablesc ~ The resulting
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energy level positions in Figure 1 should be accurate to within

±1 cm ”1 except for the upper levels in each multiplet that can ’ t

be accurately determined due to overlapping v ibronic 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

a1.~ The method involves measuring the peak absorption coe fficients

between the l eve l s  of the ground s ta te  man i fo ld  and the l e v e l s  of

the excited state manifold of 5S2 (Ho). The absorptio n

cross section is then determined from the relation

=

where is the peak absorption cross section for the line from

level i in the groundstate mani fo ld  to leve l  j in the upper man i fo ld ,

is the peak absorpti on coefficient for the same line , and Ni is

the popu la t ion  densi ty  in level  i g iven by the ac t i ve  ion concen t ra t i on

and Boltzmann statistics.

The stimulated emission cross section for the j -
~~ i transition

is given by

= g i ii

where  g 1 is the degeneracy of level 1 . The s t imu la te d  e m i s s i o n  c ross

section for a transition from level j to a level k that has no thermal

population and therefore cannot be observed in absorp tion , is given by
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where n is the refra ctive index, X is the vacuum wavelength , and

is the peak emis sion power per unit wavelength interval. Thus if

is known from ab sorption , 
~jk 

can be found by measuring the peak

fluores cence intensities for the two lines.
The 75 0 .3nm laser  t r a n s i t i o n  is i n d i c a t e d  in Fi gure 1 as being

from the bottom of the 5S2 level (E 1 ) to the fourth level of ~I 7 (B4).

Since the transition is a r 2÷r 1 transition the selection rules demand

linearly polarization with the E-vector parallel to the C -axis of the

YLF crystal (‘n-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 measure m ents are easier obtained when only one

polarizati on is involved. For this reason the fourth level of 
~
I8

(A4) which is a F 1 level was chosen. The A4 -“ E 1 transition is also

rel atively free of overlap from other transitions. Figure 2 shows

the Tr -polarized absorption spectra Ho 18 
-

~ 

5S2, 
5F~ at 80K. The

542.4nm A 4 
-
~ E1 transition is well separated from any other lines.

• The peak absorption cross section calculated from the absorption -
•

coefficient , the Ho concentration and the occupation factor of the

A 4 level is 9.6 x lO ’20 cm 2 . Figure 3 shows the partial 77K ‘n- -polarized

+ 18 and 
5S2 + ~I7 emission spectra. From the intensity ratio

of the 542.4nm line and the 750.3nm line , and the absorption cross
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section for the laser li ne is 1.6 x lO ”
~
8cm 2 .

At room temperature neither the absorption line nor the emission

lines are free from overla p. The m ain contribution to the lines seems

to be due to the ori g inal transitions however. With this assumption

the stimulated emission cross section at 300K is found to be 9.7 x

l0~~
9cm 2. The accuracy of this value is estimated to be ±30% due to

the ove r lap  prob lem.  Room temperature spectra are shown in Fi gure 3.

It is interesting to compare the gain per unit inversion for

Nd:YAG and Ho:Y L F. In the case of Nd:Y A G , the stimulated emission

cross section is 5 x lO ’
~
9cm 2 and the occupat ion factor of the upper

level is 0.4 giving a gain of 2 x lO ’’19 cm ”1 . For Ho:YLF the occu pat i on

factor is 0.11 and the gain 1 x l0 ”19 cm~~ . With nearly twice the

cross section the gain per unit inversion in Ho:Y LF is only one half

that of Nd:Y A G. It should also be pointed out that the allowable

energy storage depends on the inverse 8~ 
product. So despite the

hi gher ~ i n Ho 34’:YLF , the Q-switched energy storage at the fluorescence

amplification limit should be about twice that of Nd:Y A G.
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AB ST RACT

H- 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:YL F whose room temp-
erature stimulated emission cross sections are 9.7 x l0 ’19 cm 2 and
1.4 x lO ”19cm 2 respectively. Measurement of reversible energy
transfer between the upper laser levels is reported as a function
of Er and Ho concentration and temperature .
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