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Transient excited-state absorption measurements in chromium-doped forsterite
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The nonradiative transition dynamics between the excitéd[ °E(°T,,)] state and the metastable
SA"[2E(®T,)] storage state of the tetravalent chromium ion*(Qrin forsterite is investigated using femto-
second excite-and-probe technique. Following excitatiorf g, with pump pulses at 750 or 773 nm the
induced excited state absorption was probed with femtosecond pulses in the ultré8@élet), visible (650
nm), and infrared 1500 nm). The nonradiative decay time frofT;, to T, was estimated from the rise time
of the excited state absorption at 1500 nm using a rate equations model and its value at room temperature is
only 3+1 ps.

I. INTRODUCTION the decay rate fron?T,, affects the probability for the ex-
citation energy transfer to th&T, and E bands of the Gf'
Tetravalent chromium ions (&F) are active laser centers ion which was identified in EPR spectroscopical experiments
in forsterite (MgSiOy),* YAG,? and Y,SiOs,® where tunable  as a loss mechanisfriJsing up-converted luminescence and
stimulated emission has been observed in the near infraregkcited-state excitation spectroscopy tHg;, lifetime was
between 1.1 and 1.6m in the cw regime and at room tem- measured in Ref. 10 to be 395 ps and ffg, lifetime was
perature. In C¥ (Cn):forsterite the broad absorption bands estimated to be of the order of a few hundred nanoseconds,
that span in the visible from 500 to 790 nniA,—°T1a  hoth at nitrogen temperature. The latter result obviously con-
transition, see Fig. 1 based on Refs. 4 andabd in the  (aqicts the laser experiment with ruby laser pumping
where excitation to the A"[3E(°T,,)] state was used and

Althouah ing directl e band Yhe buildup time of the gain-switched Cr:forterite laser did
as pump sources. Although pumping directly to tfig ban not exceed 5 ns. By measuring the rise time of the lumines-

near 1um by Nd and Yb lasers or InGaAs laser diodes is;o,ce from the’A"[3E(®T,)] state following excitation to

more efficient because it is closer to the emission Waveg.rl by 20 ps pulses at the second harmonic of a Nd:YAIO
o . . a :
length, excitation to the higher lyingT,, band due to the laser the®T,, excited state lifetime was estimated in Ref. 7

larger absorption cross section is attractive for direct diodt—;:0 be less than 5 néhe temporal response of registration
pumping with InGaAlP 'sem|conductor laseand for fem- system at room as well as at 77 K temperature. In Ref. 12
tosecond pulse generation, because the use of short laser r9flRe resolved measurements of ESA with picosecond con-

is beneficial both when applying large area non-diffraction,. : L o
limited pumping sources and when the higher order disper'Elnuum provided an upper limit of 15 ps for tid, lifetime

sion effects in the resonator have to be compensated.

The laser efficiency of Gt -doped materials is in general Y conuction band of the host lttice A

lower than the efficiencies achievable with Ti sapphire or P
Cr*" doped hosts. Recently, the excited state absorption e .
(ESA) from the 2A"[3E(3T,)] storage statésee Fig. 1 was gsomm -} [ 306
shown to be an important source of losses not only in the 3 A s S
near infrared where the luminescence of the*'Cion L A A A
occurs? but also at shorter wavelengths corresponding to the A A
3A,—3T,, (Ref. 7 and 3A,—°T, (Ref. 8 transitions used ? . ) A - f}\
for pumping. In Cr:forsterite the stimulated amplification has B i E_- — ah
been assigned to th#A”[3E(3T,)]—3A, transition and the T, E DY S B DY
lack of emission from higher lying states suggests that the ) B =T -
Cr** ions relax most of all nonradiatively from these states pump: l'zufz] us
towards the metastabfA"[3E(®T,)] state when excited di- A, - A v e
rectly from the ground state®A, or by ESA from : . EBa E/C”ﬂ‘ Elle

SA"[®E(®T,)]. The knowledge about the population dynam-
ics following ESA, the nonradiative transitions as well as the FIG. 1. Energy levels and excited state absorption transitions for
energy transfer to Gf ions that might be also present is Cr** in the site ofTy, Cs,, andCg symmetry based on Refs. 4 and
crucial for understanding the loss mechanisms as factors that Singlet levels are omitted. The notatiofi,, and T, corre-
influence the laser performance of Cr:forsterite. Specificallyspond to the’T,(3F) and *T,(3P) states and are used for brevity.
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at room temperature determined by the instrumental re- T o T oo T

sponse. r probe at 306 nm 1
Here, we present the results 8T,, lifetime measure- I

ments using two color pump and probe technique with fem- 1r JREIITS B

tosecond temporal resolution. For the first time to our knowl- L ;

edge the nonradiadive relaxation fromiT,, could be Obomt® .

temporally resolved. The measured value of 3 ps reveals un-
expectedly fast nonradiative relaxation which proceeds on
the same time scale as the energy redistribution within the
3T, manifold (an upper limit of 10 ps estimated in Ref.)13
and also within®T,, itself the latter being slowed down by
the presence of an electronic bottlenétk.
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Il. EXPERIMENT

The Cr:forsterite samples used in the present experiment
were oriented and polished for propagation along the crys-
tallographica or ¢ axes(Pbnm space group notatipriThey
were grown by the Czochralski method and the concentra-
tion of C*" ions determined from measurements of the ab-
sorption coefficient at 1064 nm was about 1.05 FIG. 2. Time evolution of the normalized optical density at 306,
x10cm 3. On one hand the sample thickness had to be50, and 1500 nm for a sample thickness of 1 mm. The solid curves
chosen large enough in order to ensure sufficient absorptioior the case of 1500 nm probing are computer fits to the experimen-
changes having in mind the restricted pump energy whetal data(solid squaresusing the rate equations described in the text.
using fs pulses and the principle limitation of the doping The dashed line marks the zero position as determined by the arti-
level in Cr:forsterite. On the other hand, the usable thicknestact.
was limited by Kerr type nonlinear effects induced by the
pump pulse at the relatively high peak intensities of ampli-20-cm lens and traversed the samples collinearly. Great care
fied fs pulses and also by the loss of temporal resolutionvas taken to ensure good spatial overlap between the beams.
caused by group velocity mismatch. We note that Sellmeieil he difference in the transmission of the probe beam through
sets of dispersion equations for forsterite were not availabl¢he pumped and unpumped samp@ld was measured as a
in order to predict the group velocity mismatch between thefunction of the pump-probe delay with lock-in-modulation
pump and probe pulses. and averaging technique. First we checked the sighToby

We used pump pulses of 100 fs duration either from a fsnodulating the probe beam and interrupting the pump. For
Ti: sapphire regenerative amplifier at 773 nm or from thethe pump and probe wavelengths given above the probe sig-
frequency doubled signal output of a traveling wave opticainal always had smaller values when the samples were
parametric generator at 750 nm which was pumped by theumped, which means that the pump induced additional
regenerative amplifier at 1 kHz repetition rate. Probe pulsefosses at the probe wavelengths, i.e., depletion of the ground
of comparable duration were derived from the same opticatate absorption could be ruled out as an underlying mecha-
parametrical generator using the fundamental, the secondjsm for the pump induced absorption changes. In the actual
and the fourth harmonic of the signal output. The wavelengthimeasurement the pump beam was modulated and the probe
of 773 nm was the minimum at which sufficient output beam was detected. The optical density variathddD was
power of the regenerative amplifier was available to pumpralculated then from the measurdd” values and normal-
the optical parametric generator. To generate a signal wavézed to its maximum value. All measurements were per-
length of 1500 nm as a probe, longer wavelengths of théormed at room temperature.
regenerative amplifier had to be applied in order to move
away from the degeneracy point of the optical parametric
generator. Since the ground state absorption in this case was
too low to induce sufficient population redistribution we  The results of the femtosecond pump-and-probe measure-
used for this purpose the frequency doubled sigA@&D nm)  ments in Cr:forsterite showing the time evolution of the
as a pump pulse. The exact value of the pump wavelengtbump induced ESA at the probe wavelength are displayed in
(773 or 750 nmmakes no qualitative difference for the tem- Fig. 2. The peak on-axis pump intensity was of the order of
poral measurements presented but affects only the signal 0 GW/cnf for probe wavelengths of 306 and 650 nm and
noise ratio. 100 GW/cnt for 1500 nm where the ESA cross section is

In all experiments the pump beam was linearly polarizedsmaller? The salient features of the curves are a rapid rise
along the samplé axis (Ellb) and propagated along tlee  followed by a plateaua slow decay which exhibits no ap-
axis for Elic probing and along the axis for Ella probing.  preciable change over the time scale of our measurements
Probe wavelengths of 306 nnil(c), 650 nm Ella), and However, the rise times (time for growth of
1500 nm Elic) correspond to the maxima of the ESA bandsAOD(t)/AOD,,, from 10 to 90% derived from the experi-
observed previously in experiments wijits and ps temporal mental curves at 1-mm sample thickness were different for
resolution'? The pump and probe pulses were focused by aach probe wavelength. They amounted to about 800 fs, 1.1
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L7 7 7 T from the same storage state to yet higher excited states or to
I o B¢ % e ] the conduction band of the host lattice and to the charge
P @%Mﬁ%‘%@ﬁ transfer transitions. The exact position of the charge transfer
85 il é;sfPum e i state is unknown in Cr:forsterite but it can be assumed to be
2 S & °~\ o5 1 equal to that in C¥":Ca,GeQ, which has a similar structure
5 oal L S i [43000 cm?® (Ref. 16]. We note that at a pump wavelength
=) o 1.0 mm . .
3 _ é;ih 30 mm of 306 nm the ESA cross section is more than an order of
b & op magnitude larger than the ground state absorption at this
0.0 %fm@ %> probe at 306 nm 4 wavelength and at 1500 nm this ratio is even high&he
e ESA cross section at 650 nm is not known but the ground
30 -15 00 15 30 45 6.0 state absorption at this wavelength which is in part due to the

Cr** ions present corresponds actually to a transition from
3, to °E(3T,,) which is not optically allowed in Cf.*1?

FIG. 3. Time evolution of the normalized optical density at 306  In our experiment the pulses at 306 nm probe the ESA
nm for samples with thickness of 0.5 mfdiamond$, 1.0 mm  transitions to the conduction band of the host lattice and the
(squares and 3.0 mm(circles. For this relative presentation the charge transfer transitions. The ESA at 306 nm, as can be
common zero of the abscissa was chosen to correspond to the zeggen in Fig. 2 has an instantaneous character. The photons at
point determined by difference frequency generation without any306 nm have enough energy for transitions both from the
samplg. Because of the Iarger.group velocity of the pump pulse thirectly pumped 3A/![3E(3Tla)] state and from the
transitions of all curves are shifted to negative delays. 3A"[3E(3T,)] storage statdsee Fig. 1 populated by the

nonradiative relaxation. The measured ESA rise time corre-
ps, and 3.7 ps for wavelengths of 650, 306, and 1500 nngponds in this case to the group velocity mismatch between
respectively. Additional measurements were performed fothe pump and probe pulses or equivalently to the instrumen-
samples of 0.5 and 3 mm thickness and quite different valuetl response since equal probabilities could be assumed for
of the rise time were obtained for 306 and 650 nm probingthe two transitions.
Figure 3 shows these differences for the 306 nm probe wave- The ESA for probe pulses at 650 nm exhibits a similar
length, where they were more pronounced. To determine thistantaneous behavior. At longer delays we have ESA tran-
group velocity mismatch between the pump and probe pulsesitions from the 3A"[3E(3T,)] storage state to the lowest
we performed sum-frequency and difference frequency generbital component of thé’T,, state. By adding our probe
eration in a 1-mm thick BBO crystaltype-Il interaction  pulse energy(15385 cm?) to the SA"[3E(°T,)] energy
once with the Cr:forsterite samples in the beam path and E9150 cni* (Ref. 14] we obtain 24 535 cm* which accord-
second time without them. From the delay correction necesing to calculations should correspond to th&"[3E(3Typ)]
sary for efficient frequency mixing in the BBO crystal we state? The total excitation energy in our case (pufmobe)
estimated a group delay of about 750 fs/mm for the 306 nntorresponds to 28322 c¢rh (12937 15385cmt) which
probing and about 180 fs/mm for the 650 nm probing. Ob-can be identified on the other hand with the location of a
viously such values of the group delay deteriorate the temhigher lying orbital component of théT,, state. According
poral resolution in these two cases. In the case of 1500 nro calculation$ this should be the®A”[3A,(°T,,)] state
probing the delay corrections necessary were much smallevhich is optically allowed for our probe wavelengthEita.
than the pulse durations and could not be reliably measuredhe presence of such higher lying state although not clearly
which means that the overall temporal resolution is deterseen in the ground state absorption spectra is confirmed by
mined by the cross correlation function FWH(dbout 150 laser experiments with UV pumpind:'® Accordingly, just
fs). after absorption of the pump pulse excited state transitions

To analyze the experimental results the energy level diafrom the directly pumped3A"[3E(°T,,)] state to the
gram in Fig. 1 was used. The pump pulse at 773 or 750 nn?A"[3A,(3T,,)] state are possible. In the other channel from
(Ellb) populates theA"[3E(3T,,)] state situated below the the 3A"[3E(3T,)] to the 3A"[3E(3T,,)] state the ESA at
SA"[3A,(°T1.)]1-1E bottleneck!® This means that under 650 nm takes place during the nonradiative decay. Conse-
our experimental conditions the bottleneck effect originatingquently the pulses at 650 nm probe the ESA at different
from state crossing should not be present. Thedelays first from the directly pumpedA”[3E(°T,,)] state
3A"[PE(®T14)] state is depopulated by nonradiative relax-and then from the populated by nonradiative transitions
ation to the metastabl&T, band located below. The strong 3A”[3E(3T,)] storage state. Temporal resolution of the non-
polarization dependent ESA is assigned in the infraredadiative decay is possible in this case if only the probabili-
(1100-2100 nmto transitions from theA"[3E(T,)] stor-  ties for the two transitions are quite different. Taking into
age state to thé A'[®E(®T,,)] state for Elic), and in the account, however, the dependence of the rise times measured
visible (600—800 nm to transitions from3A"[3E(®T,)] to  at the probe wavelength of 650 nm with crystals of different
the 3A"[3E(°T,,,) ] state forElla where similar splittingand  thickness we conclude that these probabilities are similar and
selection rulesare assumed fofT,, as for the®T,, state?  the measured rise time should be attributed to the instrumen-
In ground state absorption measurements the splitting of th&al response. We note that the actual rise time of the ESA in
3T,, state has not been identified yet, but an average valuthis measurement is related to the directly pumped
of 26 800 cm'! for its position was given in Ref. 15. In the SA"[®E(®T,,)] state and not to théA"[3E(®T,)] storage
UV (200—-450 nmstrong ESA has been observed previouslystate as in Ref. 12.
for all polarization$ that can be attributed to the transitions  Using, however, probe pulses near 1500 nm it is impos-

delay probe-pump [ps]
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sible to reach the®T,, band from the directly pumped The pump pulse is assumed to be Gaussian in time with a
SA[3E(®T,,)] state and ESA occurs only due to the cross section larger than the cross section of the probe beam.
SAPE(®T,)]1-3A'[3E(°T,,)] transition (see Fig. 1 In  The change in the optical absorption of the probe pulse at a
this case the rise time of the ESA corresponds to the relaxparticular delay timey is calculated in terms o, (t) by

ation time from3A"[®E(°T,,)] to 3T,. The underlying as- .

sumption here is that the 1500 nm pulse interrogates the OD(ty)=—In J = plt—tg)exd — oesaNy (D)L ]dt

relaxed to2A"[3E(®T,)] ions by an allowed transition for d JE2(bdt

Ellc. Intraband relaxation withirfT, is, however, included (4)

in the measured rise time. The pump-probe measuremené%d normalized to the maximal value corresponding to the
performed with the samples of different thickness resulted in

the same estimation for the rise time. Consequently we conn® approached at maximum delay time. Heggt) is the

clude that the temporal evolution of the normalized opticalprObe pulse intensity profile approximated as Gaussian with

density difference as shown in Fig. 2 is not affected bygroupa FWHM of 100 fs, L 'is the sample length, and

velocity mismatch. The artifact at O-time delay was identified‘lrgg’a(%]?n%o nm)=9.5x 10" °cn? is the ESA cross section at
as induced focusing which modified the spatial distribution The bést fit to the exoerimental data is shown in Fig. 2
of the probe beam on the detector. It is more pronounced in b 9.

; . robe at 1500 npnwith a thick solid line and corresponds to
the case of 1500 nm probing due to the increased pump’s,, 3—,3 e :
intensity and served as a method to determine exactly th A'["E("T1)] state lifetime of 3 ps whereas the two thin

O-delay point and to confirm the temporal resolution since1'_r;]eeS T:tggip?en?ogoﬁ aFI)IS n?:;;it;gg If:_rgr: é:?\teessgznliaonde-
then, effect can be regarded as instantaneous. Obviously the P 9 9

H 33
temporal resolution for 1500 nm probing is better than 200 f ays reflepts the depopulano_n of ta\'[ E(.TZ.)] storage
in Fig. 2. state which occurs predominantly by radiative transitions

In order to obtain more detailed understanding of the exé[NIth a Iuérlglnescence lifetime of 2.7us at room
perimental results, as well as to extract the nonradiative relemperature.
laxation time from the 3A"[3E(®T,,)] state to the

SA"[3E(3T,)] state we simulated the measurement using the

following model for the excited-state transition dynamics at |y conclusion we performed time resolved pump and

the probe wavelength of 1500 nm: the state that is opticallyrohe measurements of ESA in Cr:forsterite with femtosec-
excited is *A"[°E(*T1,)] (and not one mixed with théE  ong resolution and the results were fitted using rate equa-
singlet statg the ESA of the pump beam is ignored, the tions, The salient features of the normalized optical density
metastable storage stat&"[°E(°T)] is populated through curves are a rapid rise time followed by a slow decay. From
nonradiative relaxation, and also here the singlet levels argye rise time the nonradiative transition froti,, to the 3T,
omitted in the EEA analysis. The pgpulgtlog kinetics of themetastable band could be temporally resolved for the first
%VOUQd jstate “A;, and the °“A"[E(*Ti)] and  time yielding 3 ps at room temperature, and the long decay
A"[’E(°T,)] states involved in the ESA process is gov- of the curves observed reflects the radiative depopulation of

IV. CONCLUSION

erned then by the following rate equations: the metastabléT, band (3 us). The fast relaxation mea-
N . sured here from théA"[*E(®T,,)] state indicates that the
— 0= Z5%A (N, (1)  estimations of the intraband thermalization within tF€,
dt hy P ' manifold™® should be revised. In the present work this could

not be done because of the limited absorption of the samples
dN;  ggsa Nz for direct 3A,—3T, excitation. The fast nonradiative de-
= I,(t)Ng , 2 :
dt hy P Ty population of the®T;, band observed by us supports and
explains the conclusion that the energy transfer to @Gns
dN; N 3 from this band is less probable than intracenter nonradiative
At 1y ) decay drawn in Ref. 19 on the basis of missing luminescence
from the T, band in CF'. Nevertheless the concentration
of Cr** ions should be kept low when pumping Cr:forsterite
lasers near 750 nniRef. 6 because of the possibility for
direct absorption of the pump radiation.

where Ng(t), Ny(t), and N4(t) denote the instantaneous
population densities of °A,, SA"[3E(®T.,)], and
SA"[E(®T,)], respectively|,(t) is the pump pulse inten-
sity, 75, is the nonradiative relaxation time of the
SA"PE(®T1.)] state, andrgsa=2.5%x 10" Bcn? (Ref. 7) is
the ground-state absorption cross section at the pump wave-

length. The rate equations were solved numerically using a We acknowledge financial support by the Federal Minis-
fourth-order Runge-Kutta method with initial valudd, try of Education, Science, Research and Technology
=N, N,=N;=0, whereN is the total number of active ions. (BMBF, Germany under Contract No. 13N7214/3.
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