HTML AESTRACT * LINKEES

JOURNAL OF APPLIED PHYSICS VOLUME 95, NUMBER 4 15 FEBRUARY 2004
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Ultraviolet (UV) fluorescence of Ntf ions induced by multistep laser excitation was investigated

in Nd-doped LiYF and LiLuF, crystals using a technique of time-resolved spectroscopy. The
observed UV luminescence was due to transitions between the bottofitsd 4onfiguration and

the 4f2 states of Nd* ions. The first absorption band of Zd configuration, which starts around

56 700 cm, was excited by three stepwise absorptions of photons in the ¢866r-535 nmfrom

a short pulse laser excitation leading to broad emission bands in UV rei@p=-280 nm

An excitation band in the blu€¢468—486 nm was observed due to the excitation of the
second absorption band off%d configuration around 63000 cm according to the photon
absorption  sequence: “lg,+ hv(480 nm)—2G(1)g,+ hv(480 nm)—2F(2)7,+ hv(480 nm)
—4f25d(second). The observed UV emissiofi80—280 nm from the bottom of the #5d
configuration(first state have a lifetime of 35 ngparity allowed and are broadband in contrast to

UV emissions from 4° configuration, which are also present in the luminescence investigation but
having a longer lifetimé8.5 us) and structures composed of narrow lines. The excitation spectrum
of fast UV luminescence exhibited different structures depending on the excitation gedmetry

) with respect to the axis of the crystal. We observed two emissions from the first staté Z&dt
configuration with peaks at 535 and 595 nm modifying the luminescence branching ratio of the
bottom of the 425d configuration around 55500 ¢rh The equivalent cross section of three and
two excitation processes was estimated at 510 nm by solving the rate equations of the system under
short laser excitation, which shows that is possible to have laser action under pulsed laser pumping
with intensity below the crystal damage threshold. 2604 American Institute of Physics.

[DOI: 10.1063/1.1640456

I. INTRODUCTION ionization mechanism involving indium iorisThe N&* ex-
Rare earth (RE")-doped crystals are widely employed citation can be performed directly to the level of interest with

as efficient laser material for generating laser radiatiorPXCIMer. synchrotron, x-ray fadlathTzsouréé?sor sequen-
mainly in the infrared region, rarely in the visible, based ontially Pumped with ~ two-photolf ™ or  three-photon
the radiative transitions within thef electronic configura- €xcitation'* Despite the direct pumping being more efficient,
tion. On the other hand, radiative transitions from thethe lasers applied to excite the UV by a single photon are
4f"~15d levels are not very exploited, besides the intrinsicvery expensive and hard to handle, like excimer lasers. The
potential to achieve laser action. In spite of this, laser actiorthree photon excitation investigated here is based on a high
in the blue, ultraviole(UV), and vacuum ultravioletVUV) intensity laser pumping in the visible and has the advantage
spectral range have been demonstrated fof*Cdoped  of matching the second harmonic of Nd:YAG laser which is
LiLuF, (LLF)* and N doped LiYF, (YLF).? Recently, the  one of the most disseminated lasers for optical pumping
Uy an'd VU\/ fluorescence of RE ions has beeq e>§ten-' systemd*15 The 4" 4f"~15d are parity allowed transi-
sively investigated because of the growing of applications i, s exhibiting a measured fluorescence lifetime of 35 ns

th'S. spe%tral range, ;uch as gengratmg an.d detecting VUYobserved for the case of first and second excitation bands of
radiation? This study includes the investigation of UV fluo- 5 . . :

. . . ! . 4f<5d configuration. They are characterized by a stronger
rescence in heathand light lanthanide® Solid-state fluoride . i . d a broadband ab . d
materials doped with N is a very promising laser medium €nVironmental interaction and a broadband absorption an
emitting in the UV regiorf. This system may allow the con- €Mission spectra |n.the uv rangt-':‘.and much hlghenr oscillator
struction of the first solid-state tunable UV lasers based otrength than the# internal transitions. The#— 4f" tran-
the broadband UV emissions of Ridat 182, 186, 230, and Sitions are parity forbidden and composed of narrow lines of
262 nm. An other application is the illustration of the photo-weak strengths mostly due to the forced electric—dipole in-

teraction induced by odd terms of the local crystal ffétd’
5 £ 3 2
dAuthor to whom correspondence should be addressed; electronic mail: The spectrum characterization of thé>4-4f“5d and

Igomes@net.ipen.br 413 4¢3 transitions of Nd* provide information about the
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70+ were carried out using a CARY-OLIS 17D double-beam
spectrophotometer interfaced to a computer. A time-resolved
(8] | (4£° 5d) spectroscopy system of 10 ns of resolution provided the
(2nd) emission spectra and the decay time determination. The laser
{RES) | 4£%5d) pumping system consists of an optical parametric oscillator
(st (OPO), from OPOTEK, pumped by the third harmonic of a
zG(2)9/2 Nd:YAG (355 nm laser (Brilliant B from Quante] tunable
J ol ol ol T, 6@ in the visible range from 420 to 680 nm, which delivers a
RN I N typical energy of 20 mJ with a repetition rate of 10 Hz with
-~ 4093 % FQ)sn a laser pulse duration of 4 ns. The luminescence spectrum in
£ é _j ! H(1)a the visible and UV range were analyzed using a 0.25 m
~ monochromator(KRATOS) with an optical grating with
§ 307 — blaze at 300 nm. The luminescence was collected perpen-
B 2G(1)or dicularly to the laser excitation in order to minimize the laser
o /4 , scattered light. A Caflens was used to collect the lumines-
G, “Kusn cence and a refrigerated-30°C) photomultiplier with a
HQ2) S-20 type cathodéEMI QB-9558 with a shunt resistance of
H2)on 50 ) was used to detect the luminescence signals. The lumi-
nescence decay times were recorded using a 100 mega
samples per second digital oscilloscopEDS 410 Tek-
f Tue tronix). Luminescence spectrum was spectrally discriminated
0J | Iz . . .
using a signal processing boxcar avera@R 4402 oper-

FIG. 1. Schematic diagram of the energy levels of Nibns in YLF show-  ating with the static gate mode with a sample point of 40 ns
ing the multiphoton excitation processes and the fast UV luminescence fronffor the fast emissionand 8 us (for the case of slow com-
the[“Kll,ﬂ' state of 4:25.(1 configuration. The level positions, as well as the ponenl_ Both equipments are interfaced to a microcomputer_
Stoke's shift were obtained from Refs. 22 and 23. In all the experiments using the laser to induce the multipho-
ton excitation, the laser beam was slightly focused in the
sample exhibiting a spot 0f0.5 mnf to avoid the crystal
damage and to minimize the crystal stress that scatters the
o'T"V. luminescence and therefore decreases the signal to noise

local level structure and electron—phonon coupling differ-
ences betweenf4 and the 425d electronic configurations
because the crystal-field perturbation strength is stronger f
electrons in the 8 level than for those in thefdlevel *® This
results in broadband transition with a large Stokes shift of the
emission peak and a high probability for phonon-assistedil. RESULTS AND DISCUSSION
transitions. We found in the literature that there is an energy, .
difference between the first absorption band 6f3t con- A Excitation spectra
figuration centered at 175.4 fif® and the corresponding Using a tunable laser excitations in the visible range
emission band from #5d to the“l 4, ground state of N4  generated by the OPO laser pumped by the 355 nm of the
in YLF with maximum at 181.8 nmi® An energy dissipation Nd:YAG laser with laser pulses of 10 ntd ns and 10 Hg
of ~2000 cm ! is produced byN-phonons emission in order we could efficiently excite the first and the second excitation
to reach the relaxed excited St4RES of the bottom of the ~bands of 4°5d configuration of Nd* in both YLF and LLF
4f25d configuration at around 55500 crh This relaxation ~ Crystals. The excitation spectrum of the fast UV lumines-
behavior of the first excited state of Z6d configuration is  cence(35 ng was measured by fixing the analyzer mono-
expected considering that the electron—phonon coupling inchromator at 262 nm and working with the boxcar averager
creases with the & orbital overlap §,~ 3.5 considering the in static gate mode operation with a sample point of 40 ns
cutoff phonon emission ofiw~570 cm! in YLF). The (gate width of 2 nsfor the 4£25d excitation spectrum dis-
pumping scheme used in this work is illustrated in Fig. 1.crimination. The tunable laser excitations produced by the
The energy of levels of # states of Nd" in YLF were = OPO system in the visible range, could excite theé Nibn
obtained from Refs. 22 and 23. to the*G-,, 2F(2)s5,(41%) and the first and second excited
states of 425d configuration, respectively, by one, two, and
three photon processes. The excitation in the green excites
exclusively the first band of #5d configuration, while the
Single crystals doped with neodymium were grown bylaser excitation in the blue primarily pumps Ndto the
the Czochralski technique under a purified argonsecond excited state of thd%d configuration that in turn
atmospheré? The starting growth material was doped with 3 populates the lowest one. The excitation process f6bd
mol % of Nd. The Nd concentration of 1.3 mol % was deter-configuration in the blue region constitutes a multiphoton
mined in the samples used in this work by the x-ray fluoresexcitation in Nd* in YLF and LLF crystals. In addition, we
cence technique. The YLF and LLF samples were cut andlid not find the existence of UV and visible luminescence
polished properly with the axis parallel to the longest side spectrum in pure and undoped crystals under similar laser
of the rectangular faced samples. The absorption spectexcitation intensities in the visible range, which indicates

Il. EXPERIMENT
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FIG. 2. Measured excitation spectra of Ndn YLF and LLF crystals with  FIG. 3. Measured excitation spectra of Ndn YLF and LLF crystals with
the ¢ axis placed perpendicular to the electric fiedl(c) (or o polariza-  thec axis placed parallel to the electric fiel&l(c) (or  polarization of the
tion) of the laser excitation that has a mean energy of 10 mJ and 4 ns dhser excitation which has a mean energy of 10 mJ and 4 ns of pulse dura-
pulse duration and 10 Hz at 300 K. tion and 10 Hz at 300 K.

) explains the long tail observed in the excitation spectrum in
that the laser beam does not introduce any color centers iihe green. Figures 4 and 5 show the excitation spectrum of
the lattice that could contribute to the excitation spectrumyne first and the second excited states 4541 configuration
measured. The excitation spectrum of 262 nm fast emissiofy N+ in YLF and LLF crystals measured at 8.5 K for
was measured using two laser excitation symmetries. In thgomparison. Excitation measurement at 8.4 K assures that
first case, the crystal is place_d Wlth theaxis paralle_zl to the  only the lowest sublevel dfl o, multiplet is populated. The
electric field of the laser radiatiorE(c) or 7 polarization,  second sublevel dfi o at 132 cm* above the ground state
and in the second case, the crystal was positioned witle the ha5 g population fraction of 10~° at this low temperature.
axis perpendicular to the laseE( c) or o polarization. The  Thjs allowed us to determine the energy position of the first
electric field of the laser is always horizontal. Significantang second excitation bands of%d configuration simply
d_n‘ferences were observed in the mea§ur_ed polarized excitgy multiplying the excitation energy peaks measured in the
tion spectra. Figure 2 shows the excitation spectrum megyjsiple range by a factor of 3. The observed energy level
sured in theo polarization for YLF and LLF at 300 K. Itis positions of the first and second excited statesfé54 con-

observed that there are two excitation bafgteen and blue  figyration excited by three photons process are listed in
composed of well-separated narrow lines. The excitationraples | and II.

spectrum measured in thepolarization is showed in Fig. 3.

In this case, the two bands exhibited fewer structures indi-

cating much less restriction in the excitation wavelength to 161
reach the first and second states 6f3d configuration of 12
Nd®* than certainly occur in the polarization excitation. In
addition, we observed that thepolarized excitation band of
Nd®* in the green extends up to 490 nm for LLF, while this
band extends to 500 nm in YLFsee Figs. &) and 2Zb)].
The longest tail observed in the green excitation band of
Nd®* in LLF, in comparison with YLF, indicates the partici- 150 o Ellc
pation of a phonon-assisted excitation process, involving ]
phonon emission by the intermediated excited statesfdf 4
configuration. Because the ionic radius of Ndis larger A
than the one of L™, a stronger coupling with the lattice of w0 a5 500 s o0 s5 | a0 o
LLF crystal is expected for Nt in 4f25d configuration. Wavelength (nm)
Cogfgquently, th,e intensity Qf the crystalline fl_eld felt t_)y FIG. 4. Measured excitation spectra of Ndin YLF crystals for the sym-
Nd”" is stronger in LLF than in YLF and the optical transi- metries withE.L c andEllc under laser excitation of a pulse energy of 12 mJ
tions involved should include vibronic contributions, which and 4 ns(10 H2) at 8.4 K.

excitation spectrum
YLF
84K

T T T
480 465 470 475 480 485 490

Intensity (m V)
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32 TABLE Il. Energy levels of the 425d(second) excitation band reached by
ot 1 E’Cf:“aﬁon spectrum three-photon excitation in Nd:YLF and Nd:LLF crystals at 8.4H(€).
8.4K
YLF(Elc) (T=8.4K) LLF(Ellc) (T=8.4K)
- Energy level positioricm™?) Energy level positioricm™%)
£ . 4f25d(second) 425d(second)
£ R aEmEEE L ss ———————— \ max(exc)=466.5 nm \ max(exc)=464 nm
§ 460 465 470 475 480 485 490 65 005.4 64 984.3
£ 1604 g e 64 646.8 64575.8
: 64 340.4 64 322.5
64 256.3 64 213.7
63916.8 63 889.6
63 760.6 63675.3
] 63570.1 63 548.5
Sy T 63 353.9 63 228.4
490 495 500 505 510 515 520 525 63 241.8 63119.9
Wavelength (nm) 63132.6 .
o ) 62926.1 —
FIG. 5. Measured excitation spectra of Ndin LLF crystals for the sym- 4§254(first) 4£25d(first)
metries withE L ¢ andEllc under laser excitation of a pulse energy of 12 mJ N 516.2 N 516.3
and 4 ns(10 H2) at 8.4 K. max(gg%);z 6 - nm max(%x(;:zzog 6- nm
59 796.7 59785.9
. . .. . 59659.9 59 668.2
B. Investigation of visible luminescence from the 59524.9 59 453.0
lowest excited state of 4 f25d configuration 59 401.2 59316.7
Using the laser excitation in the blue tuned in 479.3 nm gg gﬁg gg igg'i
and pulse energy of 12 mJ, we could observe a greenish and 501226 58 938.9
yellowish luminescence of Nd in YLF at 300 K. By inves- 58 928.7 —
tigating these luminescence signals using a time resolved 58 768.2 —
spectroscopy we found that three excited states &f Nubn- gg ‘1‘32-; —

tribute to the luminescence signédG,,, 2F(2)s, and the
first excited state of #5d configuration. We saw three
emission bands frofiG-,, with peaks at 529, 590, and 620
nm exhibiting a lifetime of 8.5 ns+). The’F(2)s, excited  (green and yellow regioncould be spectrally separated us-
state has an emission band with peak at 540 nm with a I|femg the time resolved Spectroscopy with a boxcar averager
time of 8 us and the first excited state of%d configura-  gperating in static gate mode with a previous selected sample
tion shows two distinct emission bands with peaks at 53%0int to match the time constant of the luminescence level in
and 595 nm with a lifetime of 35 nsr¢). Figure 6 exhibits  ghservation. A sample point of 8 ns was used to discriminate
the luminescence decay of 590 nm emission in nanoseconfle luminescence spectrum of thé,,, level and a sample
scale showing the fitting by two exponential decay with con-point of 40 ns was used to observe the luminescence of
stants7; (9 ng and 7, (34 n9. We found that 77% of the 4f25d(first) configuration. The luminescence spectrum of
visible luminescence signal is due to th@;, state lumines-  the 2F(2)s,, excited state was observed using a sample point

cence excited by one photon process while the excitegy g us. Figures 7a), 7(b), and 7c) show the luminescence
4f25d(first) configuration contributes with 22% of this Iu-

minescence(three photon processThe ?F(2)s, excited

state excited by two photons contributes only 1% of this 14a NAYLE
luminescence signal. The visible luminescence spectrum J /tl emission at 588 nm
:@ X 7,= 9 ns (86%)
TABLE I. Energy levels of the #25d(first) excitation band reached by 5 7= 34 11 (24%)
three-photon excitation in Nd:YLF and Nd:LLF crystals at 8.4KL(c). %
YLF(ELc) (T=8.4K) LLF(ELc) (T=8.4K) g 011
Energy level positioricm™) Energy level positioricm™) g
4f25d(first) 4£25d(first)
N max(exc}516.2 nm N max(exc516.3 nm
60 403.3 60413.2
59 846.8 59 801.4 0.01 1 . , :
59720.5 59480.1 0 20 40 60 80 100 120
59 488.2 59375.4 Time (ns)
59 388.3 59158.8
59 274.5 58 825.8 FIG. 6. Decay time of 588 nm luminescence observed in Nd:YLF cryatal
— 58573.2 300 K) under laser excitation with a average energy of 12 mJ exhibiting two
— 58 369.2 decay components; and , related to thé'G-,, and 4F25d(first) lumines-

cent states, respectively.
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0.0 T 7 T T T T T T T 60
1p 500 520 540 560 580 600 620 5
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1 sample point 8 us FIG. 8. The UV emission bands at 186, 230, and 262 nm of excited Nd
0.8 c) ions by 480 nm laser pulse of 10 1D Hz) in YLF. The exhibited spectrum
. was corrected taking into account the optical grating, photomultigBe20
0.4 cathode efficiencies, and the air transmittance near below 190se® Ref.
) 25).
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FIG. 7. Measured emission spectra in the visible range spectrally separaté'@Cted taking il.1t0 aCCOL.'m_the grating and dete_Ctor efficien-
by using the time resolved techniqu@) Fast emission measured with a cies and the air transmission near 180 nm estimated for an
sample pointsp of 40 ns attributed to the ##5d(first) state decayr=35 optical path of 1.35 m, using a dry air compositigrOg]
ns). (b) Spectrum measured with s ns due td*G, weak emission(c) —250%) and the absorption cross section found in the
Slow emission component expected=8 us) for the 2F(2)s, state. . 25 . . .

literature?> The luminescence branching ratio was calculated
. by the ratio between the individual integrated band emission
spectrum of the #5d(first), *G,j,, and?F(2)s), states, re- y o . 9 -

and the total emission area taking all the emission spectrum

spectively, measured by the time-resolved luminescence . 1.
P y y volved as a function of the wave numbem™?), in order

spectroscopy. The laser excitation at 479 nm efficiently N0 be proportional to the oscillator strength of the transition.

Sil;(i:belse tgrenit:;; i'%g%tgg :?SS%?I;% psrggeﬁ; pggg%zgq{;zevxfne contribution of the emission band at 181.8 nm due to the
f25d(RES)—“l, transition (not measured in this work

known (180280 nm UV emissions. These luminescence due to the limitation of our equipmentvith respect to the

e 186 nm emission band was taken o th lerairet
9 found that the 181.8 nm emission band-~4.42 times more

excitation spectrum showed in Fig(3. The fast visible . . 2
emissions at 535 and 595 nm have a similar lifetime-86 intense than the 186 nm emission bafdf“Sd(RES)
ns which is consistent with the measured lifetime of the 186
230, and 262 nm emissions from thé’8d (RES. In addi-
tion, they exhibit weak polarization effects similar to the
polarization effects observed for the other UV components
This weak polarization effect is expected for theg"4
—4f"15d allowed transitions. Both visible emissions at
535 nm(fasf and 540 nm(slow componenthave a similar
excitation spectrum that is also similar to the excitation spec-

trum measured for the fast UV emission at 262 nm. Accord-

ing to our observation the slow green emission at 540 nm

comes from théF(Z)E,/z state that can be indirectly excited TABLEIIl Branching ratio of luminescence from the lowest st€RES of

by the three photon proceéisiue laser excitationby the fast 4f25d c_onfiguration in Nd:YLF(3QO K),_calculated taking into account all _
orange emission at 595 nm. One important conclusion is theiEjnl:gggrstcezr}f]eﬂfizn;'t?szons including the fast green and orange emis-
both current known luminescence branching ratios of :

—%11155]. The calculated branching ratio is shown in Table
111. In this calculation we also assumed that thi#8d(RES)
state has a luminescence efficiency of 100%, because this
level is situated~7310 cm ! above the nearest inferior level
(?G(2)q») disabling the multiphonon decay procesH (
=13 if one considers the highest phonon energy~&70
cm ! observed in YLF.2

4125d(RES) and’F(2)s, states must be reevaluated taking Fast UV emissions B;
into account these emission contributions with peaks at 535, (nm) (exp
540, and 595 nm. 182 0.24
. . . 186 0.14
C. Branching ratio of luminescence from 4  f25d(RES) 230 0.20
state 262 0.27
. 535 0.11
The measured spectrum of the fast UV emissions of 595 0.04

Nd®* in YLF is shown in Fig. 8. This spectrum was cor-
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FIG. 10. The measure¢(smoothed bandemission cross section due to
4125d(first)—2F (2)g, transition of Nd* in YLF under laser excitation at
480 nm with 10 mJ@ (thin solid line. The reciprocal absorption cross
section obtained using the McCumber relation is given by dasheddine
and the absorption cross-sectioq is represented by solid curv@) that
was obtained after a blue energy shift of 2000 énThe measured excita-
tion spectrum havindo+r) polarization contribution is given irfb) for
D. Determination of the multiphotonic excitation comparison.
cross-section of the lowest state of the
4f25d configuration

FIG. 9. The excited state absorption cross sectian,) ( due to
(*Gj2;%K 1310 —2F(2)s), transition: () calculated using the measured
(smoothed band emission cross sectiof?F(2)s,— (*G7;2;?Kq30)] of
Nd®* in YLF (b) under laser excitation at 480 n(@0 mJ.

. . luminescence branching ratio of the luminescent state. The
Based on the experimental observation of the UPemission cross sections of 540 rislow) and 595 nnfast
conversion UV luminescence induced by visible laser exciumission bands were calculated using the following optical
tations we propose the following exgitatiop sequences Whicrﬂ)arameters in Eqi1) for YLF; refractive indexn=1.45 for
leads to the bottom of thef45d configuration: the visible range, the radiative lifetime,{y) and the experi-
Process 1. mental branching ratiof;;) of luminescence. The values of
B iyt " — (4G9, 2K g9+ h! —2F(2) gyt hv' — 41250 (s these spectroscopic parameters used dig: °F(2)s),
— (*G7jp,%K 13, transition (540 nm emission 7,,4= 8 us
and 8=0.252" (i) 4f25d(first)’ —2F(2)s, transition (595
nm emissiofi 7,,4= 35Nns andB=0.04 (obtained in this ar-
A1/t "' —2G(1) gyt h”'—2F(2) 15+ hi'" — 4£25d(2nd) ticle). The obtained emission cross sections spectrand
e o3 are shown in Figs. ®) and 1@a), respectively.
I(: Zrasrxf(;tag;?ir:ngtéh&: Ig);uivalent excitation cross sec-, Once obtained the_ emission cros_s-section spectrum, we
tion of order three, we have to calculate the three absorptioCan ca!culat.e thg equwalent absorption cross.sect!on using
. S : . 4 4 the reciprocity principle or the McCumber relation given by
cros4s SeC“S”S involved in this 2proce351( I%’Z_’ Gra), Eq. (2).28 The principle of reciprocity which relates the ab-
02 ('Gr2="F(2)s2), and o3 ("F(2)s—41°5d(first)). oo ion and emission process is valid and largely used in the
First, we should calculate the emission cross section ase of (47— 4f") optical transitions observed in trivalent
]fgzr(zelg](i;; an Gs(enEILSié u;'bnﬁ] t:r? d%%%ﬁ;;ﬁg;ﬂ%gzg?) rare earths ions in solid$7%2 This is justified by the weak
2 712 . ) 2 . . .
[Fig. 7(a)]5/transiti:)ns using Eql), which relates the sgec— electron—phonon coupling off configuration &<1) so

. L - producing an emission exhibiting a small Stokes shift with
:Lal Img s,thapte[l()\)t{f I()\)t,]g of Ehle: Em'SS'On spectrum with respect to the absorption energy. In this case, McCumber has
e radiative transition ratéy;(s ) by derived a direct relation between the absorption and emission

(hv' =excitation in the green
Process 2:

PA“ (\) cross sections according to the following expression:
TemdN) = g e TTO0AN . N, (o
_ _ _ o _ Tabd N) = Oemid ) 1~ €XP 17| 2
wherel (\) is the luminescence intensity,s the light speed '

in the vacuum\ is the mean wavelength of the emission, where (N,/N,) is the ratio between the uppeN() and
and A;; is the radiative transition rate, wheré\; lower (N,) state populations obtained in the equilibrium tem-
=ﬁji(Trad)_1- Trad IS the radiative lifetime angs;; is the  peratureTl; hv is the photon energy of the transition, which is
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directly related to the emission wavelength; &id the Bolt-  energy levels of the Ntf free ion has not been determined
zmann constant. The equilibrium populations are obtaineget from gaseous spectra, but it has been estimated on the

using available data for the isoelectronic®Prion in the 4f?5d
E configuratior?>3* Using this to the N&" free ion, a decom-
N|=2 gi exr{—') position of the 425d configuration gives rise to
T kT )’ 2S+1 i +1 i
i 107 CS1L(5d)) levels that split into 910 1L, mani-

e (3)  folds after considering the spin—orbit interactitinThe
Nuzz g exp( _J> 4K 1A 5d) state has been indicated as the lowest state of the
T KT 4f25d configuration of Nd".?%2! Recent experimental and
. theoretical developments have been made to describe the
Nevertheless, the procedure determined by &4.to fd s £ liaht lanthanid i th
estimate the absorption cross section for the case qf exc'ltatlon spectrum of light ant525n| es'<€7) !nt ree
Fost lattices (YPQ, CaF,, and YLF.>**In this article, the

(4f"—4f"~15d) optical transition of triply ionized rare earth o .
. e . f—d excitation spectrum of Cé ion was used as a probe of
ions needs a small modification. One should expect an inter-

mediate electron—phonon coupling¥5,<6) for this mix- the crystgl-ﬂeld splitting and spin—orbit paramefrs d 5
ture configuration, which leads a lattice relaxation around th(%alectron in new hosts than LgFThe 5d electron (=2) in
' he S, symmetry of YLF host splits into four statés, 2I',,

exmt_ed ion that happens well after the abso.rptlon process bfza' and T, according to the group theorfusing Bethe's
multiphonon emission. For the case d”&d(first) configu- : . . . .
notatiorn). Each one of these irreducible representations gives

. g X
?gggomcrl:lﬁ tr:gtYl‘i\'jegryasrtlalélggr;u_ndhgnitnoieosu slﬁ]rg of rise to a broad excitation band in the UV and VUV range due
g P P to 4f1—5d? transition of C&* in YLF crystal. The spin

~3.5, considering that the phonon emission process is M resentationd, ;) is also reduced in this local symmetr
diated by the highest phonon energy570 cm%). This lat- P Y y y

tice relaxation of around thefa5d(first) configuration pro- into (I's+T'g) irreducible representation. The lowest state of

0541 ; ian i i ; ;
duces a RES from where all the spontaneous emissloxs 4f75d" configuration is obtame;d by the dlrec_t product be
o ; . tween the electron representatibp and the spin represen-
and green and orange emissiposcur. Now the reciprocity

principle can be applied to relate the emission and the al fation (I's + I'g). This lowest state is a two-dimensional rep-

. ! . . .. resentation [[5+1'g) which has a cubic parentage with the
sorption cross sections involving only the relaxed exmted;E state because th, symmetry is similar tD 4 which is
state 425d and the final 4° state. The absorption cross y y 2d

; . . . . 3 distortion of a cubic symmetry. Pietersenal® observed
section obtained in this case corresponds to the reCIPTOCimilar f—d excitation bands due to the crystal-field splittin
absorption that can be calculated using E). The real ab- Y pating

. T o ._and spin—orbit coupling for Bf, Nd®*, Sn?*, and EG" in
sorption cross section is evaluated by shifting the absorptio . .
. : e same host lattice. They conclude that the electronic states
wavelength towards higher absorption energy Ay (that N . .
R ; . produced by the crystal-field interaction with the &lectron
represents the energy dissipation in the lattice relaxation

. ; . . dominates the structure in tlie-d excitation spectra, even in
Equation(4) synthesizes this method. The absorption cros . .

) : ) . .~ _~the more compleXrare-earth ions with more than ond 4

section obtained by this method gives a good approximation . .

; ; electron cases, i.e., broadband with the presence of zero

of the real absorption spectrum structure if the level structure

of the upper excited level is preserved after lattice relaxatior}lz)honon lines seen at low temperatures, which is characteris-
bp b tic of vibronic transitions. The contribution of f4~1-5d

to produce the RES. Therefore, this method is valuable t% : :
calculate the absorptiofcross section spectrum of high- oulomb interaction could add some narrower structures but
it was not experimentally seen. In the case of Nih YLF,

excited states that can be hard to measure. This method tlﬁey observed that thefd—5d Coulomb interaction param-

given by eter was reduced to 74% of the one calculated for the free
1+ NAE ion. However, the crystal field parameter of the &lectron
(T) (49 was 98% of that obtained for &&. This means that thecb
electron interacts more strongly with the crystal field of YLF
where \' is the absorption wavelengttbefore the lattice lattice than with the #2 configuration. By all these argu-
relaxation and X\ is the absorption involving the f4  ments we conclude that most of tlie-d excitation bands
—4f"~15d(RES) transition(reciprocal absorptionandAE ~ observed in Nd:YLF are due to thed%rystal-field splitting
is the Stokes shift observed between the absorption anand spin—orbit interaction and that the lowest state {364
emission processes. The excited state absorption crossenfiguration is reasonable represented by the twofold state
sectionso, and o; were calculated using Eq&), (3), and  (I's+Tg). This justifies the use ofg,=2 (and E,
(4). The populationsN; and N, were calculated afT ~ =56025cm?') in the calculation ofo; absorption cross
=300 K. The degeneracy offa states, given by 2+1,and section [Eq. (3)] from the Iluminescence band of
the mean energy of the levels of the transition @ie:10,  4f25d(first)— 2F(2)s/, transition.
E,=19128cm? for (*G,,;%K,3,) States, andy,=6, E, The calculated absorption cross sectiensand o3 are
=38640cm ! for 2F(2)s, used foro,(abs). However, the shown in Figs. @) and 1@a). The ground state absorption
estimation ofg, for the lowest state of #5d configuration o, was obtained from the absorption measurement at 300 K
needs some discussion of the literature’s more recent data, with E_L ¢ having (7+ o) polarization contributions.
order to calculater; absorption cross section for the third Once having the absorption cross sections o», and
step of the multiphoton process. The position of tHé5& o3 we are able to calculate the equivalent excitation cross

RES
Tand\')= O';bs )
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FIG. 11. A simplified energy levels diagram of Ridin YLF is exhibited

showing the four main levels involved in the three photons excitation pro-

cess(at the greenand the respective multistep absorptiangs, o,, o3.
Equivalent(or direch excitations transitions involving two order process
(o) and three order process{) are also indicated by arrows. It is impor-
tant to note that in this case;>o,~ 0.

section for the two ¢?) and three ¢°) photons process,

Librantz et al.
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FIG. 12. The normalized populationsy, n,, n,, andn; are calculated by

respectively, using them in the solution of the rate equationsolving the rate equations of the system as a function of the laser excitation
obtained for the time scale of the laser pulse duratibn (intensity at 510 nmn, andn; are due to two- and three-photon processes.

~1p). A simplified diagram of the main levels involved in

The intensity used in this work was<610'® photons/crf (at 510 nm given

the three photon excitation is given in Fig. 11. Here thean excitation efficiency §=n3) equal to 0.10% calculated for the three-

populations involved were normalized such thaj+n;

photon process.

+n,+n;=1. The following rate equations were obtained

which describes the population evolution valid fort,
(wheret, is the laser pulse duration amhglis the laser inten-
sity):

dng

gt =~ oalenos 5
ﬂ— I ,ng— o5l yn (6)
dt = 01lpllop= 02l My,

%= I ,n{— o3l n (7)
dt Ol plly = o3l phy,

dn3_ | g
FTERE pN2, (8

whereng is the ground state population, ang, n,, andn,

Using the principle of population conservation obtained right
after the laser excitation, we could estimatg(t), where
Na(t) =1—[no(t) +ny(t) +nx(t)], given

o1(o3t07)

n3(t)=1—exq—ollpt)— m

expl— ol pt)

o1(o3t0y)
o3(o—0y)

The normalized populations of levels 0, 1, 2, and 3 involved
in the multiphotonic excitation by two, and three photons
processes, calculated as a function of the pumping intensity
(Iptp In photons/crf) at 510 nm;t, is the pulse duration
time, are exhibited in Figs. 18 and 12Zb). In this calcula-
tion, the following values of absorption cross sections were
used: o, =5.54x 10" ?*cn?, 0,=2.29x10 Xcn?, and oy

expl — ol pt). (12

are the populations of the excited states reached by one, twe;6.6x 10~ *°cn?. Figure 12a) shows that the populatiam

and three absorptions of an excitation photgreer), respec-
tively. The parameterl(t,) is the pulse intensity of the laser
excitation given in(photons/crf), andt, is the laser pulse
duration (4 n9. Considering the initial conditions that,
=1 andn;=n,=n3=0 fort=0, or (Nng+n;+ny,+nz)=1,

(three-photon proces®vercomesn, (two-photon procegs
for the pumping intensities Ift,) beyond 5.9
X 10* photons/crh estimated from the solid lines crossing
calculated usingg,=2 [the most probable description of
4f25d(first) statd. Dotted lines of Fig. 1@) show the cal-

we obtained the solutions as follows valid for the case whergulated populations using tHé&,,,(5d) state of free N&"

t<ty:

No(t) =ngexpl— a4l ,t),

9

ny(t)= 0;101no[exp(—al|pt)—exp(—az|pt)], (10
_ 0102
n,(t)= mno[exq —oql pt) —exp(— ol pt)].

(11)

ion (g,=12) if the f—d Coulomb interaction could be con-
sidered stronger than thed=crystal field splitting, which in
fact has not been experimentally observed. Besides the two
different values ofy, (2 and 12 used in this calculation, the
results show thah; and n; exhibit a slight variation if;
=1.0%—1.2%) whilen, exhibits a stronger variatiomng
=0.23%—0.039%, respectively The calculation(using
g,=2) predicts that th@; population equals the population

of the (*G7»;°K 3, State ;) for a pumping intensity of
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TABLE IV. Multiphotonic processes efficiencies and the equivalent excita- n 18] A
tion cross section obtained from the solution of the rate equation model for 5 15 o 2) Z)l;gtation
two- and three-photon processes for two laser excitations at 510 and 521 nm “b 12] (theory)
and with four pumping intensitie@hotons/crf) for Nd:YLF crystal at 300 ‘\; o]
K. 8 )
g °1
Excitation Excitation Process ;) 37
Multiphoton Pumping cross section cross section efficiency s 0 T T T T " T — "
process intensity (cmf) (cr?) (%) © ] 5490 500 510 520 530 540
(orden (photons/crl)  (A\=510 nm) (A=521 nm) (A=510 nm ' | b) excitation
1 05x 109 554x 102 7.9x 1072 2.58 1.04 g‘;’z‘%)d
1.0x 10" 4.81 4
1.5% 10" 6.73 0.5
0 )
2.0x 10" 8.38 P
2 0.5x 10 3.2x10%2 7.2x10% 0.10 5
1.0x10°  29x10%# 64X 10 * 0.17 200 T T T T
15X 10 33x 102  6.9x 10 22 0.23 5 %0 500 510 S20 530 540
: : : : =15
20x10°  21x10%#  6.2x 107% 0.29 2 c) excitation
3 0.5x 10"° 34x10?2 6.0x10 % 0.06 § (exp)
10X 10 96X 102  2.8x 10 22 0.41 E 107 ‘G,,
15x 10 1.7x102 8.9x 10 % 1.00 T
20x10° 20x10°% 12x10% 182 0.5 W\M
0.0+ , , . , .

T T T T
490 500 510 520 530 540

Wavelength (nm)
6.6x 10'°photons/crh (i.e., in this casen;=n;=0.15). As
|0ng as the pumplng |ntens|ty |ncreases beyond th|s Valé,le, FIG. 13. (a) The equivalent excitation cross SeCtiQfF,, obtained for the

: - three-photon process andf for the two-photon process. They were calcu-
tends to saturate to the unit. The efficiency of the three phoIated using Eqs(16) and(17), respectively, for the laser pumping intensity

ton process below the damage threshold in YIEZ2 4 1.5¢10°photons/crh. (b) The excitation spectrum of the three-photon
GWicnt or 2.2x 10*°photons/crf) for four pumping inten-  process in théo+) polarization for comparisor(c) The excitation spec-
sities is shown in Table IV. It is important to know that the trum of4the oge-photon process in the same polarization symmetry, i.e., the
efficiency of the multiphotonic excitation process is equal to 92~ ("Coz:"K1a) transition for comparison.
the normalized population obtained from the rate equations
solution. The efficiencies of single, double, and triple photon 2
absorptions follows the inequality relation>n;>n,. An- o2(\)= (01)%0,
other rate equation for level 3 can be written using the (02— 01)03
equivalent excitation cross section). The following so- exp — oyl t)
lution was obtained: - 2pp
1- eXp( - 0'1| ptp)

expl— oyl pty)
1—exp(—oql,tp)

. (17)

ns Figure 13a) shows the equivalent excitation cross sections

gt =7 Teo(b), (13 (0®) calculated using Eq(16) for the pumping intensity of
1.5x 10*®photons/cri. One can establish a comparison be-
tween the calculated excitation spectruni(\) with the

No(t) =no expl — aal b)), (14 (7+0) polarized excitation spectrum 86, state(one pho-
ton procesp[see Fig. 1&)]. We can also compare the cal-
o° culatedo®(\) spectrum with the measured three-photon ex-
na(t)= nOU_1 [1—exp(—aalpt)]. (19 citation spectrunfi(«r+ o) polarized in the green region. The

(7+0) polarized excitation spectrum was composed of the
. . oo sum of theo and 7 polarized excitation spectra. The results
Sub§t|tu3t|ng Eq.(.15) Into Eq._(12) and makingt=t,, we exhibited in Fig. 18a) show that the calculated spectrum of
obtaino®(\) that is an excitation spectrum dependent on the 3, | - ite similar to the measured excitation spectrum of
integrated intensity of the laser pulskf() 7 (A) is quite similar . pectrun
Fig. 13b), with the exception that the calculated excitation
spectrum(o+ ) does not exhibit a peak at 516 nm which is
91 ( 2) exp(— ol ptp) distinctly observed in the experimental excitation spectrum.
(oo—01) o3/ 1—exp—oqlpty) For instance, the 516 nm peak is observed in the excitation
spectrum of théG,,, state—the first absorption step of the
(16) multiphoton process exhibited in Fig. &3—but does not
appear in the absorption spectrum. This effect might indicate
that this peak is due to a phonon-assisted optical transition
Proceeding by the same way as we did to firfig\), itwas  which is present in laser excitation of higher intensity. In
possible to calculate the equivalent cross section for the twaddition, a possible reduction of the fine structure of the
photon process given 4125d(first) configuration caused by the lattice relaxation to

a*(N)=0q| 1+

B oi(o3toy)  exp—oilptp) }
0'3(0'2_0'1) 1—eXF(—0'1|ptp) '
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1.2

1.0

{ Nd:YLF

excitation (exp.)
(262nm emission)

—— slow emission (8 us)
- --- fast emission (35 ns)

Librantz et al.

which modifies the branching ratio of luminescence of the
bottom of the 425d configuration. The possibility of three-
photon excitation in the blue spectral range made it possible

to observe luminescence contributions in the region of the
second harmonic of the Nd:YAG las&32 nmj. By solving
the rate equations of the system under multiphotonic excita-

0.8 !
; tion, we were able to obtain the equivalent excitation cross

0.6

0.4

Intensity (arb. units)

: section and the efficiency of the two- and three-photon pro-
"-‘ cesses as a function of the pumping intensity. The theoreti-
] AUCERVARY ':‘ cally calculated spectrum cross section of the three-photon
0.0 4 T process to the nonpolarized excitation spectrum was mea-
500 510 500 | 530 sured for Nd* in YLF and LLF crystals. The pumping in-
Wavelength (nm) tensity used0.5 GW/cnf) produced by a pulse laser energy
_ o _ of 10 mJ slightly focused into the sample-0.5 mnf) was
FIG. 14. m-polarized excitation spectrum of the fa85 n9 (dashed ik o491 to induce the multiphoton process and allowed the
and slow(8 us) (solid line) components of the 262 nm emission for com- . } ) . .
parison. One can see that they have the same peak structure, which indicalé§Ninescence measurement with a good signal to noise ratio
that the three-photon process dominates the second order excitation procegéithout damaging the samples. This intensity was below the
as expected by the theoretic calculation that showed a level populafion damage threshold for YLF that is2.2 GW/cni. The rela-
higher tham, right after the laser pulset {-tp). tive excitation efficiency for the three-photon process was
estimated to be approximately 1.0%, and thé=1.74

produce the RES from where the emission spectogmvas <10 . e for the laser pumping intensity of 1.5
measured and consequentby(abs) was obtained, cannot X 10'°photons/crh at 510 nm. This excitation cross section
account for this excitation peak missing because we hav¥alue is 1.84 times smaller than the excitation cross section

seen that thars(abs) structure change can only introduce (@) for one-photon process for this pump intensity below
small changes in the® excitation spectrum. This is justified the damage threshold. These results show that the three-

by the fact than,<n, as is seen in Fig. 18). photon exc_itation process in_ the green region can be usgd as
an alternative way of pumping Nd-doped fluoride materials

to generate laser action at the ultraviolet region. This mecha-
nism seems to be very promising to construct a neodymium
UV laser based in all solid-state components.

Figure 14 shows the excitation spectrum of the UV lu-
minescence measured at 262 nm, decomposed in two com-
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