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A ncw proiip of coniplcx color ccntcrs with I:~-Iypc propcrtics, involving simple center production and high thermal 
and optical stabilities, I w s  bccn found in sid’ll’4opcd alkali halidcs: NaCI, KCI, RbCl, KBr, RbBr and Rbl. In i t s  first 
icxtcd csainplcs, KCI and KDr, bro;idly.tuii:il~lc cw lescr opcration OVCI thc 1.4 to 1.7 pm rangc has becn obtained, with 
oiitpiii powcrs in thc 100 niW ranpc. In conlrnsl to already existing 6 and P;-like centers, oprating in the same wave- 
length raiirc, tlic iicw 17~(Ti+) lnscrs arc oplirnlly stablc and do  not show any blcaching effects under lascr opcration. 

‘The cdor centcr systciiis, which so far liavc been 
successfully opcratcd as broadly tuiiablc cw ir I:iscrs, 
can bc divided into two cliarnclcristic groups with dis- 
Iinctly tliffcrcnt ph>-sical and pcrforiiiniicc fc;iturcs: 

I )  F cciitcrs, attaclicd to citlicr Li+ iiiipiilics 
(FA (11) ccrtlcrs) or Na+ p i r s  (k-n ( I ] )  cerrlcra). form 
in ccrtaiii liosts aftcr opfical cxcitalioii ionic s:itldlc- 
poirit coiifiptratioris of ( 1  t 0) sptiiiiictry [ 1 j .  with 
clcctronic states liiglily hvonblc for lascr opcration 
(2,3]. Tlic largc Stokes-sliift and limitcd quantum 
efficicricy of thc criiission producc rather sni;iil slopc 
erficiciicics. Tlic grca t virtues of tlicsc systcnis, how- 
ever, arc cstrciiicly siiiiplc C C n k r  protluctioii, high 
thermal stability and casy handling proccdurcs at 
room tcnipcrature, as wcll as coniplctc absclicc of 
any fatigue or bleaching evcn undcr liigli powcr and 
long timc opcratien. Tliesc positivc fcaturcs proiitoted 
tlicir widc application, particularly in tlic first coiii- 
mercial color cciitcr lascr, covcring tlic 2.2 to 3 3  pm 
rangc. 

2) F or FA ccntcrs, wlicn attaclicd to cnipty.aiiion 
vacancics, form tiic Iargc group of 
~ers ,  tlic ciiiissiotis of wliicli wvcr a widc spcctral 
range (0.8-2.5 pin). I n  spite of vcry positivc Ice <I t ures 

or ( F f / , l  CCIJ- 

for laser operation (low threshold, high slope efficien- 
cy, wide tuning range) [4], they have two serious dis- 
advantages: 

(a) Rathcr complicated production procedures, low 
thcrmal stability and therefore difficult handling prop- 
ertics at room temperature. 

(b) Due to center reorientation, ionization and/or 
migration effccts under optical cxcitation, the ccnters 
bleach undcr laser operation. Part of tlicse losses (the 
reversible ones) can be counteracted by various auxili- 
ary W light irradiation or polarization switching tcch- 
niqucs. Irreversible losses, however, allow lascr opera- 
tion of a particular spot in the crystal only for limited 
times. These difficulties (a) and (b) have prevented a 
wide routine use of 3 type centers for tunable lasers. 

We report here on a new group of complex color 
centers, which overcomes the difficultics (a)  and (b) 
of the 6 centers, and supplies in its first testcd exam- 
ples tunable and completely stable lascr opcration over 
the I .4-1.7 pm range (51. This new defect is most 
likely an FA center which gives risc to  a diffcrcnt type 
of relaxed excited state, which we call FA(III). To put . 
it in perspective, we compare it with thc two other 
types of FA centers, which so far have been realized by 
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Na+ or Li+ tmpurity partnels of the F centers: 
1) In FA (I) cettfcrs the distinct (1 00) optical aniso- 

tropy and 2p state splitting observed in absorption dis- 
appears essentially in the relaxation process: The re- 
laxed excited state becomes extended, the 2s state lies 
lower than tlie 2p states, so that a nearly depolarized 
and long life-time cniission results, very sinular to the 
pure F center case [ 1 1. " h e  systenis are not favorable 
for and have not been-operated in laser emission. 

2) In the FA@) centers, the large size nusfit of the 
Li+ impurity produces after optical excitation an ionic 
relaxation into a new defect structure, the saddle-point 
configuration [ 11, with a very low lying 2p, state along 
the new (1 IO) defect axis and hi&ly favorable optical 
properties for laser operation., 

3) In the new F,(IlI) centers, a (100) neighboring 
impurity ion for the F center is chosen with the follow- 
ing properties: 

(a) Its size is too large to  form the saddle-point stage 
. of type 11, so that the center keeps its original (100) 

symmetry. 

tliaii that of the Li+ and Na+ ions used so far. Firstly 
this will lead to a larger splitting of the 2p statc in ab- 
sorption, considerably lowering the 2p, state parallel 
to the center axis. Due to this downward shift of 2p,, 
in the relaxation process the 2s statc will no longcr 
cross the 2pz state, so that the latter beconies the re- 
Iaxcd excited state. A fully (100) polarized emission 
(parallel to the center axis) with short life-time and 
enussion energies somewhat lower than F centers are 
expected for these FA(II1) centers. 

Candidates of impurity ions with a large electron 
affinity are for instance TI+, In+ and Ca+. They have 
ionic radii comparable to K+, which make; type 11 
saddle-point behavior highly unlikely. As the TI+ de- 
fect is most extensivcly studied and well established 
in terms of its electron affinity and trapping proper- 
ties [6], we focused our attention first on this system. 

When attempting to additively color Ti+ doped 
crystals, one does not obtain any F centers, but in- 
stead a very broad absorption, which neither by 
quenching from high temperature nor by high energy 
irradiation can be converted into F or F aggregate cen- 
ters. Therefore the coloration was performed with 
electron irradiation (1.8 MeV, 1.7 pA/cm2). The most 
efficient production method starts with prolonged e- 
irradiation at UT. In this process ll+, "I2+, (a,)+, 

(b) The electron affinity of the impurity ion is larger 

, 
I 

VK and large amounts of F ccnters are formed. On 
the low encrgy side of thc F band (in the rangc of F. 
aggregate center absorptions), however, only cxtrcint 
ly weak absorptions around I .04 and 1.76 pin occur 
(curve a in fig. I )  the latter one attributed to dimer 
defects (TI2)+ (71. Undcr white light irradiation, tliis 
weak 1.76 pili band disappears, and under additional 
heating of the crystal the 1.04 pni band grows drasti- 
cally in the tcrnperature range above -4O"C, as seen 
in the insert o f  fig. 1.  After this thermal annealing 
under light irradiation, the spectrum shown as solid 
line in fig. 1 is obtained, consisting of an extreniely 
strong band a t  1.04 pin, and the wcll known 5 band 
at  136 pm. The latter can be easily thermally removt 
by heating to  about -1O"C, wlde the 1.04 pni band 

.remains completely stable. 
By similar production methods, the saine type of 

band could be created in TI+ dopcd NaCI, KBr, RbCl 
RbBr and Rbl. Fig. 2 sumniarizcs the absorption 
curves. Light irradiation at  LNT into these bands leac 
to Stokes-sliiftcd strong ir emissions, which are also - 
displayed in fig. 2. Polarized excitation and eiiiission 
measurerncnts. pcrfornicd for thc KCI:TI+ case in vari 
ous gconictries, showcd that thc eiiiissioii occurs fill! 
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Fig. 1. Absorption spectra of KCI:TI* at 77 K after e--irradi- 
ation a t  77 K (dashed) and subsequent exposure to white 
light a t  -4OOC (solid curve). Insert shows growth of 17~(Tl)  
band at  234 K during light exposurc. 
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Fg. 2. Absorption and emission bands of the low cncrgy tran- 
dtions of F ~ f l l )  centers in various alkali halidcs at 77 K. 

polarized parallel t o  a (100) excitation of the ir absorp- 
tion band. We therefore assign the ir absorption bands 
lo the lowcst encrgy transition along the center ax is  of 
2 (100) oricntcd dcfccl, H ~ ~ C I I  is followed aftcr rclax- 
ition by a n  equally polarized cmission from the same 
~ y p c  of lowcst escited asial state of the dcfect. Tlus 
niodcl iinplics that at higher energies absorptions due 
10 transitions pcrpcndicular to the center axis niust bc 
present. we observe, in fact, that together with the ap- 
mrance of the 1.04 p1n band several absorptions 
(wcakcr ones at  830,720, and 620 nni, and a very 
strong one a t  340 nm) develop. Quantitatively we 
have'already observed that the characteristic ir emis- 
sion of the defect can indeed be excited in the spectral 
range on the lugh energy side of the ir absorption band 
in fig. 2. A comprehcnsive study of these Iughcr energy 
bands and thcir relation to the (100) Tl center as well 
as a study of all dctails of the formation kinetics is 
under way and wil l  be published separately. 

We interpret the spectra in fig. 2 as the lowest ener- 
gy absorption and emission transitions along the (100) 
center axis of a complex defect formed by an F center 
and a (100) neighboring ll+ ion. Obviously, the defects 
have been formed by light-induced F center migration 
in the same temperature range where FA, F, and Fz 
ccnters can be formed [8], and thc abundantly pres- 
ent TI+ ions are the natural choice for the role as an 
association partner. Actually, a complex of this type 
has been postulated to  interpret EPR data in irradiated 

. 

TP-doped cryttals (91 with indications that the spin 
density of the ground state electron is shared between 
the Ti+ and thc anion vacancy site, which is under- 
standable in view of the high electron affinity of the 
Tl+. This strong electron binding effect of the ll+ can 
possibly explain the unusually small and not "hey- 
law type" variation of the transition energies with 
host materials, as seen in fig. 2. 

The thermal stability of the F A V )  center is excel- 
lent. Fig. 3 shows (curve a) tlic absorption strength of 
the 1.06 pm band in KQ:Tl+ as a function of storage 
time at RT. A certain decay occurs during the first 
five days, which levels off later, indicating that it is 
not due to an intrinsic thermal instability of the FA 
center itself but most likely due to a slow reaction 
with some partner whichbecomes exhausted. Storage 
in a refrigerator (curve b in fig. 4) slows down this 
first decay dramatically. Modest light exposure of the 
crystals at RT has not any appreciably effect on the 
FA absorption band. 

For laser experiments the two F A ( n )  systems in 
KCI and KBr hosts were chosen as initial candidates. 
Both can bc effectively pumped with the strong 1.064 
pni line of a Nd3+: YAG laser. As resonator, a folded 
astigniatically compensated four mirror cavity was 
used, consisting of two plane, dichroically coated mir- 
rors and two spherical mirrors (r = 75 mm) wluch are 
gold coated and highly reflective for pump laser and 
crystal fluorescence ranges of interest. The pump beam 
is coupled collinearly into the resonator through one 
of the plane end-mirrors and is focussed onto the crys- 
tal by one of the folding mirrors. The crystal slab is 
clamped under Brewster's angle onto an adjustable 77 
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Fig. 3. Absorption of  FA^) a n t a s  m KQ as function of 
storage time at room tcmpcraturc (a) and in a refrigcrator at 
260 K (b). 
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}:if. 4. Tuning curvcs of KCl and KBr FA(Tl)centcr kscrs. 

K coppcr gold finger. Crystal and folding mirrors are 
. placed within an evacuated cavity space having two 

Brcwster oriented CaF, windows as exit ports. The 
tuning clcnicnt - a Brewster cut sapphire prism - and 
tlic end mirrors are placed outside the vacuum to pro- 
vide easy access. 

Thc possibibty to  prepare crystals with FA(Tl) 
ccntcrs rcady for lascr opcration and t o  store them at 
KT w3s only discovered later in thus work. Tlicrcfore, 
tlic actual laser crystals were still prcpared with the 
process uscd for Ft ccnter production [4]. Crystal 
d a h s  of 2 X 5 X 8 nim3 size v" clcavcd, polished, 
uxippcd in aluminum foil and cxposcd to a 1.8 MeV, 
I .7 pA/cni2 e--bcam on both sides at temperatures 
hclow -50°C. Aftcr coloration, the crystals were 
storcd in liquid nitrogen until nccded. Prior to  use the 
crysials wcrc briefly repolislied, mounted into the res- 
onator cavity, cooled to -4OOC and exposed, through 
a cavity window, t o  unfiltered lidit from a small 
tungtcn lanip in order t o  enhance the FA(TI) center 
conccntration via aggregation. After approximately 
10 niinutcs exposure time the crystals were cooled to 
77 K opcrating temperature. In their final stage the 
crystals absorbed roughly 60% of the pump laser 
power in the case of KCI and 50% in the case of KBr. 
hi both crystals broadly tunable cw laser operation 
with cxccllent optical stability has been obtained. 

Tuning curves for both lascrs and a typical output 
versus input power dependence, shown as an example 
for the KBr laser, are given in fig. 4 and 5. The KCI 
lascr was tunable from 1.41 to  1.61 pm with 24 mW 
in thc,pcak around 1.5 pm using an output coupler 
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i Fig. 5. Input-output power dcpcndcncc for the KBr I : ~ ( l l ) -  
center lascr. 

with 4% transniission. Increase of the transniission to 
20% leads to  a slidit decrease of the tuning range and 
an increase in peak powcr t o  113 mW. The KBr laser 
was tunable from 1.522 to 1.738 pm and yielded 44 
mW in the peak around 1.6 p i  using a 5% output 

I 
I 
1 

coupler. Change t o  a I 5% output coupler iricriased 
the peak output powcr to 90 mW. For both crystals 
output power was optimuni when tlic clectric field 
vector of the pump bcani was panllcl to the plane of 
incidence and thus lying in a ( 1  00) plane of the crys- 
tal. 

increasing pump powcrs u p  to a levcl of 1.8 W of tlic 
lattcr - resulting in a slope efficiency of 6% for tlic 
KBr laser and a slightly higher one for the KCI laser. 
lncrcasc of the pump power to the lugllcst availablc 
level (4W) does not lcad to further increasc or changc 
in cw output power, an effect which wc attribute to 3 

heating of the crystal to  temperatures above 77 K and 
a corresponding trade-off between decreasc in quan- 
tun1 efficiency and increase in pump power. flus 1Li- 
its the useful averagc pump power to 2 W for the cry9 
tal claniping design cinployed in our rcsonator. It  is 
expected, however, that harder pumping and a lincir 
increase in output power is possible using an improvrd 
thenpal contact between crystal slab and cold fingcr. 
A further scaling of output power with increasing in. 
put power was indeed observed using a light choppcr 
in front of the color center laser which reduced thc 
average pump powcr to  50%. Thus, at 4 W peak punip 
power it was possible to  extract color center laser 
"pulses" with exactly double the peak output powcr 
compared to  2 W pump power. 

Output powers were found to increase linearly wilh 



. . . . .  
. .. 

. . . . . .  
-4.: ' .  ...._ ..- 

. . . . . .  . . .  . .  . .  . .  , -.. ?. 
. - ,  .': ..... 

. .  
c - - 

A. 

lFsli6iuld tiCpo%tea but that bo& FA(TI) laser?---- 
how a significant stability of the output even under 
rxtcnded operation periods and high punip power Icv- 

- tls: no dccay in output power was observed when the 
h e r  was operated for a test period of one day under 
four watt pump power excitation, in distinct contrast 
IO tlic bchavior of Ft center systems. In summary, 
this iicw class of color ccntcr systems supplies for the 
first timc niaterials for tunable lasers in the 1-2 pm 
nngc, which provide excellent optical stability. sim- 
plicity of laser operation (no need for auxiliary light 
irradiation) and long tcrm storage capability at RT of 
fully prepared laser crystals. At the present time laser 
rxperinients are under way to  extend the total tuning 
rang of thcse lasers using Fim) centers in RbI and 
similar centers in In+- and Ga+-aoped alkali halides, 
for which in the latter cases emission bands ip the 0.8 
to I .4 pm range have already been identified. 

. 

Wc are thankful to  Tim Jock for help with crystal 
irradiations and spcctroscopic measurements. 

Addcd Note: 

. ' Artcr complction of this manuscript, a paper has 
: ; \ ~ w J c ~  (E.  Goovacrts et ai. ,  Pliys. Rev. B24 (1981) 
: 9 )  \vliich reports ESR measurements on two thallium 
Jcl'ccts of (1 00) symmetry in X-irradiated KCl: l l+ .  
OIIC o f  thcse dcfccts is interpreted to consist of a TI0 

palred TI0 electron bdng partly deio&ised in F cenier 
orbitals of the anion vacancy. This is  very likely the . 

same type of defect complex we arc treating in this 
work. Experiments to verify the interrelation between 
the infrared properties of our F ~ ( l l )  defect and the 
ESR properties of the (100) ?lo defect are under way. 
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