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Abstract. Excited-state absorption (ESA) from the metastable3-um output power [5]. Cascade-lasing schemes which re-
|eV€|S4|13/2 and4I11/2 of erbium is measured in a fluorozir- cycle the upconverted energy can avoid this saturation [6, 7].
conate fiber in the wavelength ran@80-840 nm Using  Unfortunately, these schemes are restricted to high-intensity
a pump- and probe-beam technique and choosing the punip:sapphire pumping. An approach has been suggested re-
wavelength such that the perturbation by pump ESA is mineently, which aims to avoid pump ESA and requires only
imized in the measurement, it is possible to determine thiow pump intensity, thus enabling high-power double-clad
effective ESA cross sections, despite the fact that the excitaliode pumping of the erbiurg&um fiber laser [8]. However,
tion is distributed among two metastable levels. The derivethe values of the relevant ESA cross sections could not be
ESA cross sections a93 nmof 1.4 x 10-%Lcn? from the  determined experimentally so far, because the pump excita-
#113/2 level and less tha@.1 x 101 cn? from the*lq,2 level  tion is distributed between two metastable levels of erbium in
are in reasonable agreement with former results obtainedBLAN, and ESA transitions from these two levels overlap
from a rate-equation simulation of the erbi@pmlaser. The in the spectral region of interest [9]. Whether a strong influ-
corresponding ESA spectrum und&pm lasing conditions ence of ESA can be avoided in the pump ban8Qit nmhas,

is derived. At the strongest ground-state absorption arounitherefore, been an open question.

799 nm decreasing ESA from ttd 3/, level is compensated In this paper, we present measured ESA spectra of
by increasing ESA fromthélll/z level, i.e., ESA losses can- ZBLAN:Er* in the wavelength rang&80-840 nmof the

not be avoided when pumping arou&@0 nm This resultis 41152 — “lg/2 pump transition under non-lasing conditions.
of relevance for possible high-power diode pumping of arEffective excited-state cross sections of the transitions from

erbium3-pum double-clad fiber laser. the #1112, and %l132, metastable levels are derived and an
approximate ESA spectrum under lasing conditions is calcu-
PACS: 42.55.Wd: 42.60.Lh: 78.30.-j lated. Results are compared to cross sections obtained from

a rate-equation simulation of the erbiunum laser. With
the derived ESA spectra, the experimental results of several
publications can be explained.

Inrecent years, research in the field of lasers emittirgyah
has been strongly stimulated by their potential applications in
laser surgery [1]. Due to the high absorption3sfum radia- 1 Experimental
tion in water, high-quality cutting or ablation is demonstrated
in biological tissue using erbium-doped solid-state lasers [2A pump- and probe-beam technique [10, 11] is used for the
3]. Erbium-doped fluoride fibers are promising candidates fomeasurement of quasi-cw-pumped ESA spectra. The experi-
the construction of compact and efficient all-solid-state lasemental arrangement is shown in Fig. 1. It is similar to those
sources that provide large flexibility and high laser intensityused in [9,12—-14]. The investigated fiber has a length of
which are of relevance for surgical applications. d=0.8m, a core radius ofv = 3.25um, and an erbium

In ZBLAN fibers, excited-state absorption (ESA) at concentration oNg = 1.6 x 101°cm~2 (= 1000 ppm malin
792 nmfrom the 4l 13/2 lower laser level was found to have ZBLAN). Pump radiation at, = 987.3 nmor Ap = 9950 nm
a major influence on the lasing properties of the erbBiwm  from aTi:sapphire laser is absorbed on the ground-state tran-
transition [4]. This ESA depletes the lower laser level and assition “I 15/2—>4I11/2 as well as on the excited-state transition
sists in establishing inversion between 8igm laser levels. 4|11/2—>4F7/2, see Fig. 2 (left-hand side). Three measure-
On the other hand, it populates tf&/, level and leads to ments are performed with different pump wavelengths and
competitive lasing @50 nm which causes a saturation of the input powers. The pump wavelengths cross sections;; of
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plified output channel of the first lock-in amplifier. The pump
beam is chopped withl Hz With a second lock-in amplifier
set atll Hz, the difference
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the pumped and unpumped case is measured and recorded on
a PC. The amplification factok of the first lock-in amplifier

is determined from measuring the amplification of a known
signal. The spectra are obtained from the measurements of

Fig. 1. Experimental arrangement for the measurement of ESA in fibers
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Fig. 2. Energy-level diagram of ZBLANER™ indicating the pump exci-
tation of the system a987-995 nm (left-hand sidg and the transitions 0.00 -
detected by the probe beam780-840 nm(right-hand sid¢
-0.04 -+
ground-state absorption (GSA) and ESA, and incident pump 780 790 800 810 820 830 840
powersPic of the measurements are summarized in Table 1 Wavelength [nm]
A fraction of i, < 30% of the pump power is launched into
the fiber. 20 4 —A

Broadband probe light from 250-W halogen lamp is fo- &
cused into the fiber. The transmitted spectrum of the counter-g T
propagating probe beam &t= 780-840 nmpasses through § 16 -
a monochromatorl(15-m spectrometer, resolutidnnm) and F_’ 1
is detected with an optical photodiode. The probe light |s._~.. 12 ;
chopped with a frequency @fL1 Hzand amplified with a first 3 -
lock-in amplifier to discriminate reflected pump light and © i
fluorescence from the sample. The transmitted probe-beal 87
intensityl, in the unpumped case is recorded from the unam-5

Table 1. Pump parameters of the three different ESA measurements o K ," N S AR R R

L e e e e e ML s e s s e

Parameter Ref. Measurement A Measurement B Measurement Cb 780 790 800 810 820 830 840

Wavelength [nm]
A 987.3 nm 9873 nm 9950 nm

ng(kp) [20] 6.1x1022cm?  6.1x1022cm? 3.9 % 1022 cn? Fig. 3. a Measured spectra of In[lJ_r AT/T] = I_n[Iu/Ip] and b spectra

o2s(hp)  [20] 17x1022cm?  1.7x102cm? 0.6 x 10-22 cni (calculat_ed froma) Qf the cross sections of excited-state absorption times
nc(ip) 51 mwW 17 mW 48 MW the relative population densitidg /Ne of the 4I13/2 and 4I11/2 levels under
non-lasing conditions, for the three different experiments A, B, and C
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spectra using the equation [11]

Z[(Ni/Ne)UESAi] =In[ly/1p]/(Ned) +0Gsa- (3

The sum in (3) extends over all metastable levels which have
a substantial relative population densiy/ Ne. The total ex-
citation densityNe can be derived directly from the calcu-
lation of (3) at wavelengths where no ESA is present. The
parameteN, is determined correctly if the measured bleach-
ing of the GSA in the Ipl,/Ip] spectrum is compensated by
the addition of the GSA spectrum in (3). In ZBLARST,
ESA is present over the whole spectral range of GSA from
780-840 nmand N can only be determined with a relatively
high error margin, cf. Sect. 2. Spectra of the effective ESA
cross sectionsesa; times the relative population densities
Ni /Ne, as calculated from the measured data of Fig. 3a and
using (3), are shown in Fig. 3b.

2 Results

The knowledge of the relative population densitiég Ne is
required in order to derive the effective ESA cross sections
oesai from (3). If time-resolved ESA measurements are per-
formed, the two variables can be separated and the required
information can be obtained directly from the spectra [11].
In the present case, cw-pumped ESA spectra are measured
and information on the relative population densities has to be
derived from analytical rate-equation solutions which are ex-
plained in this section.

2.1 Relative population densities under non-lasing
conditions

The rate equations without laser operation and under the
pump conditions described in Sect. 1 consider thes.
ground state (level 0) as well as the metastable levels
132 (1), %112 (2), and*Sy 2 (5). The erbium lifetimes; in
ZBLAN which are given in Fig. 2 are taken from [15]. The
lifetimes of the other levels are rather small, and the excita-
tions of these levels are negligible. The important branching
ratios are calculated from Judd—Ofelt data of the radiative de-
cay rates in ZBLAN [15] and from the fluorescence lifetimes
of Fig. 2, under the assumption that the non-radiative decay
rate into the next lower-lying level is given by the difference
between the inverse fluorescence lifetime and the sum of the
radiative rates. The relevant branching ratios derived in this
way arefz; = 0.37, sy = 0.18, andps, = 0.38.

With the above considerations, the rate equations for the
population densitied|; of the important levels read:

c Wavelength [nm] 0 — dN/di— R N A
= t= — T )

Fig.4. a Average of the spectra A, B, and C of Fig.3b and fit by the 5/ 26 5 70 1 1 ( )

sum of three Gaussian funrgtiods.Effective cross sections of the absorp- 0 = dNy/dt = Ryp — Rog— 75, "N2 + 5275 "Ns, (5)

tion transitions of ZBLANErT in the pump-wavelength range &0 nm 1 1 1

Measured GSA transitioftl 15/ — “lg/2 (799 nn) and Gaussian fits of the 0 =dNy/dt= =77 "Ni+ 217, "No + Bs175 Ns, (6)

ESA transitionsl132 — “Hiyz (793nm), 112 — *F32 (808nm), and  Ny= Ng+ Ne = No+ Ng + Ny + Ns. (7)

41172 — *Fs/2 (831nm). ¢ ESA from the 4113/, and *l11,2 laser levels
under conditions of threshold inversion for tBqum laser for an outcoup-
ling degree of R=50% (relative excitation densitied\;/Ne = 60% and

4%, respectively)

The excitation of the*F7/, level (labeled level 6 here for
consistency with other publications), which is induced by the
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ESA rateRys, decays rapidly to théSy, level (5). We derive  for the 3-um laser transition given in [5], typical results
the following solutions of the rate-equation system (4)—(7): of Ni/Ne = 0.6 andN2/Ne = 0.4 are derived under lasing
conditions.

N2/Ne = [1+4 (Ba1ty "+ Bs1Res) /71 -+ Rze/fg,_lTl . (8

1 . -1 2.3 Determination of cross sections
Ni/Ne=[1+417"/ (Ba1t;  + Bs1Res) (1+ Res/757)] -
(9)  Three peaks are observed in the spectra of Fig. 3b. By com-
parison with time-resolved ESA spectragf:YAIO 3 [11],
é/hich allow the identification of the initial levels of the

Eutmg Wﬁvelen%h”"ﬁ? crrlosein n tﬁUCh a \IN?iy r:ha;tﬂtsr;e ES SA transitions, we conclude that these peaks correspond
aleéroe Nas a sma uence, 1.e., the poputation o /2 to the transitions4ll3/2 — 2H11/2 (793 nnj, 4|11/2 — 4F3/2

level is small, the termRes/75 " in (8) and (9) can be neg- (808 M, and 4 " / .
] o , 112 = “Fs2 (831 nn), see Fig. 2 (right-
lected. Introducing the abbreviations hand side). It was suggested [9] that the pea®3dtnmorig-

Since the lifetimers of the 483/2 level is rather small and the

_ _ -1, -1 -1 inates from the4lg/2 level. However, this level has a small
X=XotdX= (ﬁﬂtz /7 )+ (ﬂﬂRZG/Tl ) ’ (10) lifetime and its population is not high enough to introduce
we can write (8) and (9) as significant absorption from this level.

The calculated ESA spectra of Fig. 3b are averaged and
No/Ne = [1+ X] 71, (11) fitted with the sum of three Gaussian functions, see Fig. 4a.
Ni/Ne = [1+1/X]L. (12)  Thisallows the separation of ESA from ther32 and 1112

levels. Division of these functions by the relative popula-
The valueX, is equal to the ratio of the population densitiestion densitiesN; /Ne of their initial levels under non-lasing
N: and N, in the absence of ESA (cf. [16]). The perturba- conditions (Sect. 2.1) results in the spectral dependence of
tion term3 X describes the influence of ESA on the populatiorfhe €ffective ESA cross sections as displayed in Fig. 4b.
densitiesN; and N. With h andc, Planck’s constant and he peak cross sections afed x 10° cm? jat 795nm
the vacuum speed of light, respectively, the equations for thgrgOm l13/2), 2.3 x 10~ cn? at 808 nm(from “l1/2), and

ump ratesRoz and Ry are given by (cf. [8 x 10-?*cn? at831 nm(from “I1y)2).
pump Foe 2 g y (et 18D It was found during the calculation of the ESA spectra

Rj = [0j Ni/ (602No + 026N2) | of ::ig. 3b.th3: the derivtation ofbthe excit?;ion densNy(ijs t
1— exold (6roN N not easy in the present case, because the measured spectra

<A Xl (2002 o +026N2)]} of Fig. 3a do not exhibit a strong spectral structure, this be-

x Ap/ (hedT@?) fin Pnc - (13)  ing a consequence of the strong linewidth broadening in the

ass host. Whereas the measured ESA sign@Bathmis

ose to zero (Fig. 3a) and the calculated peak cross section
at this wavelength (Fig. 4b) does not vary significantly with
the value chosen fdxe, the cross sections obtained in Fig. 4b
for the ESA peaks @08 and 831 nraxhibit a larger variation
with Ne. The error margin a8808 nmis higher thar20%.

Once the spectral dependence of the effective ESA cross

It can be shown with the given experimental parameters thr:g‘I
the perturbatiors X introduced by pump ESA does not ex-

ceed10% in (11) and (12) even at a rather high excitation
density Ne. In our experiments, the excitation was smaller
than Ne = 0.15Ng. Thus, the ratio of the relative excitation

densitiesN; /N in (3) is, with good approximation, given by

the term Xo in (10). This suggests th_at the thre_e d'ﬂerentsections is known, the ESA spectra under any excitation can
measurements (cf. Table 1) will provide approximately th

SO e calculated. We are particularly interested in the ESA fea-
same calculated ESA spectra, because the multiplying fa?ares under lasing conditions &tum. By multiplying the

tors Ni /N for the “l13/, and *l1, levels are similar in the . \qian functions of Fig. 4b with the relative population
Ehsities under lasing conditions (Sect. 2.2), the ESA spec-

ing 83X, areN;/Ne = 0.33 andN, /N = 0.67.

3 Discussion
2.2 Relative population densities under lasing conditions

There are several experimental and calculated data available
Under lasing conditions at tfepum transition, the population in literature, which give an indication of the expected ESA
densities of the®l13/> and #1112 levels are clamped to thresh- cross sections at certain pump wavelengths. In the following,
old inversion. We introduce a rate equation for the photonhose data will be compared with the results obtained in the

density¢ [5, 8] which neglects spontaneous emission, present paper.
When ESA was utilized for the depletion of ti3eum
0= dg¢/dt = (1/n;)(b2Nz — b1 N1)oemCd lower laser level and for the reduction of ground-state bleach-
—[—=In(RHlcp/(2nd), (14) ing, the wavelength o792 nmturned out to be the best

choice [5-7]. Data of the ESA cross sections at this par-
with n;, the refractive index of ZBLAN;, the Boltzmann ticular wavelength were obtained from rate-equation sim-
factors of the lasing Stark levelsey,, the emission cross ulations of the performance of the erbiuByum ZBLAN
section, andR f, the reflectance of the outcoupling mirror. laser [5]. Those values arg=sa( ‘I 132) = 1.0x 102t en?
From the solution of this equation, using the parameterand ogsa(*l11/2) = 0.2 x 10-2'cn?. From the spectrum
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of the effective ESA cross sections of Fig. 4b, values aESA cross sections being equal to or larger than the GSA
the 793nm peak wavelength of ESA obesa(®l132) =  cross section (Fig. 4b). Therefore, when trying to operate the
1.4 x 102t en? andogsa(#11/2) < 0.1x 10-2tcn? are ob-  3-um ZBLAN:Er®* laser as a simple four-level system, ESA
tained. This shows that the rate-equation calculations prdesses cannot be avoided by choosing a different pump wave-
vided values which are in reasonable agreement with thiength within this pump band. The dominance of GSA over
experimental data presented here, with some underestimati&®sA and operation as a four-level system can only be estab-
of the cross section frorfil13/2, which was probably compen- lished when, firstly, effectively repopulating the ground state
sated by an overestimation of the emission cross section fdry quenching the lifetime of thél 3/, lower laser level of the
the850:nm laser line from the*S;, level in the calculations  3-um transition via energy transfer to a co-doped rare-earth

of [5]. ion, secondly, using a high dopant concentration and, thirdly,
The theoretical limit of the achievable slope efficiencyapplying a low pump intensity [8].
at 3pm when pumping a792 nmdepends on the loss in- If the lifetime of the lower laser level is quenched by co-

troduced by pump ESA from thélyy,, level [17]. Due to  doping and depletion of this level via pump ESA loses its for-
the smaller value of the ESA cross sectiorvgéa( “1112) <  merly positive influence [5-7], the pump band aro986 nm
0.1 x 102t cn? obtained here, this loss may be smaller tharmay be superior for pumping a double-clad ZBLAN"
expected in [17]. This would increase the theoretical limit oflaser operating aB um. From the spectra of [20] it is ap-
the slope efficiency t@9.0% and reduce the relative value of parent that pumping &79 nmdoes not only provide a GSA
the experimentally achieved slope efficiency2&8f4% [7] to  cross section which is twice as large ag@9 nmand, hence,
88% of the theoretical limit. However, it is not clear how well will strongly support absorption in a double-clad fiber as long
the Gaussian fit of the ESA peak &8 nmreproduces the as ground-state bleaching can be avoided. It also reduces the
ESA cross section in its wing @93 nmand how accurate the ESA cross section &79 nmto 0.5 x 102 cn?, which is
obtained value of the ESA cross section is. only one third of the GSA cross section at the same wave-
A better indication of the correctness of the spectra prelength and slightly less than the ESA cross sectiom98mnm
sented here is given by comparison with experimental data ¢Fig. 4b). In addition, pumping directly into th#11/, upper
the threshold oB50-nm laser oscillation [18]. Both the ESA laser level provides a higher Stokes efficiency of the system
transitions from the®l13/2 and 411> levels excite the’Sy,  than pumping into thelg, level [21]. On the other hand,
upper laser level of th850-nmline. A higher ESA cross sec- ESA at979 nmoriginates from the*l 11/, upper laser level of
tion for either of the two transitions, therefore, reduces theéhe3-pum transition, which is more detrimental 8sum lasing
threshold pump power for oscillation 80 nm The results  than ESA from thetl13/, level.
of [18], which were obtained under simultaneous lasing at The computer simulation of [8] is, therefore, reperformed
3 um, show the same double-peak structure as the ESA spefor the pump wavelength &79 nm The calculation uses the
trum of Fig. 4c which also refers to lasing condition8atm.  same rate equations and parameters as in [8], but assumes
The almost equally lovB50-nm threshold values at 792 and pumping at979 nmand absorption according to the meas-
808 nm[18] correspond to comparably high ESA (Fig. 4c) ured cross sections [20] of GSAl152 — “l112 and ESA
and GSA (Fig. 4b) cross sections at the same wavelengttiz,, — 4F7/, of 1.8 x 10~?cm? and 0.5 x 10-?'cn?, re-
with the slightly smaller ESA a792 nm compensated by spectively. A larger cladding radius @&8.5um instead of
a slightly stronger GSA compared838 nmand vice versa.  35.0um is chosen because of the increased GSA cross sec-
The ground-state laser transitionlab5-1.6 um from the  tion at979 nmcompared t&/92 nm The simulation predicts
41132 level depends in the opposite way on the ESA crosshat, while the cladding radius and the necessary pump-beam
sections. ESA from thél3,, level introduces a direct loss waist can be increased by a factold¥6, the output power of
for this laser. ESA from the'l11, level decreases the feed- the fiber laser will increase from 1.0 o5 W when pumping
ing of the I 13/2 upper laser level from thélll/z level via  with 7 W of incident power a®79 nm With increasing diode
multiphonon relaxation and fluorescence or lasin@atm.  pump power and pump waist size and with corresponding ad-
It is, therefore, expected that, under conditions of simultanjustment of fiber parameters, even higher output powers will
eous3-pum lasing, this laser operates better in the wavelengtibe achievable. Although ESA originates from tfigy,» up-
range around@99-801 nm which is in the dip between the per laser level now, its influence is kept extremely small by
two ESA peaks (Fig. 4c) and where the cross section of GS#he measures explained in [8]. A wavelengtBgd nmwiill,
is large (Fig. 4b). The stronges5-um fluorescence which  therefore, be the pump wavelength of choice for a high-power
depends solely on the excitation of ttéi3, level is ob-  diode-pumped double-clad erbilnum fiber laser.
served at801 nm[19], where ESA losses have a minimum
(Fig. 4c) and GSA is rather strong (Fig. 4b), whereas the
lowest1.6-um laser threshold which also depends on the de4 Conclusions
pletion of the 4l 15/2 lower laser level (the ground state), is
obtained at799 nm[18], where GSA is strongest (Fig. 4b) ESA spectra of ZBLANErP+ were measured in the wave-
and ESA losses are rather small (Fig. 4c). The agreement &&ngth ranger80-840 nm The cross sections of ESA from
our spectra with the experimental results is evident. the metastable leveldliz, and 4111, were derived. The
In [8], a high-power diode-pumpe@um ZBLAN:Er**  values of the peak cross sections drd x 10~?1cn? at
laser was predicted which will be capable of emittihgv 793 nm (from *l132), 2.3x10°2*cn? at 808 nm (from
of transversely single-mode output power. The implicationgl11/2), and 0.9 x 10-#cn? at 831 nm (from “l11/5). The
of the present data for possible diode pumping &@am  ESA cross sections &93 nmof 1.4 x 10-2*cn? from the
ZBLAN:ErP" laser are as follows. ESA is present over the’l;3, level and less tha®.1x 10-2*cn? from the *l112
whole wavelength range of GSA from 780 840 nm with  level are in reasonable agreement with former results ob-
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tained from a rate-equation simulation of the erbi@mm 4.

laser. Experimental results for tl850nm and 1.6-um laser
lines under simultaneous lasing3tm are well understood
with the information obtained from the ESA spectra.

ESA from either the*l11/, or the 4132 level is present .

over the whole GSA range, with ESA cross sections being

generally larger than that of GSA, i.e., ESA losses cannot be’-

avoided when pumping in the investigated wavelength range.

This result confirms that the detrimental influence of pump g s zemon,

ESA when operating the erbiuByum fiber laser has to be
minimized by avoiding a high excitation of the laser lev-

els [8]. If the lifetime of the lower laser level is quenched by 10

co-doping with another rare-earth ion and depletion via pump;;" 5 Koetke, G. Huber: Appl. Phys. @, 151 (1995)

13.

ESA loses its positive influence, a wavelength339 nm
will be advantageous for pumping a double-clad fiber laser at
3um.
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