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Laser excitation spectroscopy has been used to investigate two-photon absErp#9riransitions of the
actinide ion Cmi* in a LuPQ, host crystal. One-color two-photon excitation spectra were recorded in the
energy ranges corresponding to  the®S;,—°®D,, (16 400-17 200 cmt),  8S,,—O6Pc,
(19 700—-20 300 cmt), and ®S,,,— %D, (27 700-28 100 cm') absorption transitions. The relative intensi-
ties and polarization dependences of the lines observed were measured. These results are compared to calcu-
lated intensities derived from the second-order theory of Axe and also from the second-order theory extended
to include a third-order spin-orbit correction. There was poor agreement between experiment and theory for
most of the TPA transitions investigated. Inclusion of an additional phenomenological imaginary term in the
amplitude improved the agreement for these transitif®8163-182€07)02429-9

I. INTRODUCTION pling means the second-order intensity theory is more appli-
cable, and so Axe’s theory may better account for the TPA
The optical properties of the Cihion ([Rn]5f") and, for  intensities. It is also possible that the large spin-orbit inter-
comparison the Gd ion ([ Xe]4f"), diluted in LuPQ crys-  action will enhance the third-order contributions to the TPA
tals, have been extensively investigated by one-photon laséntensities. In this paper we present the results of an experi-
spectroscopy?® The main differences in their optical prop- mental study of TPA transitions for Cihin LuPQ,, includ-
erties arise from smaller values of the Slater parameters aridg measurements of their relative intensities and polariza-
the much larger spin-orbit interaction for €mas compared tion dependencies. These data are analyzed in terms of a new
to G&**. In addition, the crystal-field splittings are about a formalism which includes second- and third-order
factor of 2 larger for the excited states of &mthan for  contributions:?
G in the LuPQ host crystal. The larger intermediate cou-  In this paper multiplets will be labeled according to their
pling for the Cn3* ion results in a ground-term wave func- largest 2"1L; component. It follows from crystal-field
tion which is only about 80%S;,,, compared to the almost analyse$® that the first excited multiplet of the Cnion in
100% 8S,,, character of the ground-term wave function of LUPO, is labeled®D, instead of°Py, as in the case of the
the G&* ion. As a consequence, the measured overall splitGd®* ion. The other®D;;, multiplet considered in this paper
ting of this nominally®S,,, ground multiplet is 9.5 cmt for  will be labeled°D/,, to avoid ambiguity. The nomenclature
Cm* in LuPQ,.2% It is therefore possible to distinguish ab- 2°"1L (n) will be used to denote thath highest-energy
sorption transitions originating from different levels of the crystal-field level in a multiplet>>*1L;. The levels and
Cm** ground multiplet spectroscopically and so measurevave functions are given in Table I.
their polarization behavior. Studies of oth&state ions,

n
such as G_ET (Refs. 4-7 and I_EG (Ref. 8, have measured Il EXPERIMENT

only the integrated intensities of two-photon absorption

(TPA) transitions from their weakly spliiess than 1 cm?) Single crystals of LuP@Qdoped with almost isotopically
8s,,, ground multiplet. pure 24%Cm were grown at Oak Ridge National Laboratory

Analyses of thé’S;,,—°P; (J=3/2, 5/2, 7/2 two-photon  using the high-temperature solution technique described
absorption transitions of Gd ions in various host crystals previously**'* The crystal used for this study was relatively
have generated much theoretical interest since the standaschall, with dimensions of 0:82.0x 1.0 mn?. The nominal
second-order theory of AXehas proved inadequate to ex- Cm®" concentration is estimated to be less than 0.1 mol %.
plain their observed relative intensiti&s. Higher-order cor-  This radioactive sample was sealed in a quartz ampoule un-
rections involving the spin-orbit and/or crystal-field interac- der a partial pressure of helium for containment purposes.
tions between intermediate states, particularly those of the All the experiments, unless otherwise stated, were con-
415—5d lowest-lying excited configuration, were introduced ducted at a temperature of 4.2 K in an Oxford Instruments
to account for the observed discrepandfeX.in the case of CF1204 optical cryostat. The actual sample temperature may
the Cn?" ion, the relatively large admixtures of other SLJ be somewhat higher due to the absorption of laser energy.
states into the ground-term wave function by spin-orbit couResistive coils and an Oxford Instruments ITCV4 tempera-
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TABLE I. Electronic wave functions for the crystal-field states of €rions in LUPQ. Only one of the two Kramers doublets for each
level is listed. The parametrized Hamiltonian and the specific fitting procedure were described in Refs. 2 and 3.

Experimental
energy (cm?)

Assignment

Wave function

0.0

3.5

8.1

9.5

16 528

16 577

16 945

17 122

19778

20017

20181

27 875

27 899

27998

28 022

S 1)l
*SiA2)l6
*SiA3)ls
*SiA4)T7
*D71)I'
*D7(2)T6
*D7if3)T'
*D7A(4)T¢

Py (1)

*PsA2)I'7

®P5(3)T 6

®D7(1)lg

*D7A2)Ty

*D7(3)Ts

®D7,(4)I';

—0.8448S,,,(7/2)— 0.403%P,(7/2)+ 0.088°D 4, 7/2)
—0.2698S,,(—1/2)—0.1295P,;( — 1/2)+0.028°D;,( — 1/2)
0.8088S,,,(5/2)+0.386°P-,,(5/2)— 0.085°D,,(5/2)
+0.3638%S;,( — 3/2)+0.173%P,( — 3/2)— 0.038°D ,;(— 3/2)
0.3638S,,,(5/2)+0.173°P,(5/2)— 0.038%D,,(5/2)
+0.8088S,,(—3/2)+0.386 P4, — 3/2)— 0.085°D,,(— 3/2)
—0.2698S,(7/2)—0.129%P,,(7/2)+ 0.028°D ,;(7/2)
—0.8448S,,(— 1/2)— 0.4035P,,( — 1/2)+0.088°D;,,( — 1/2)
0.2338S,,(7/2)— 0.2525P,(7/2)+ 0.269D ;A 7/2)
+0.2258S,,(— 1/2)— 0.2445P,;( — 1/2)+0.260°D;( — 1/2)
0.3078S,,5(5/2)— 0.3326P(5/2)+ 0.354°D,,(5/2)
+0.1048S,,(— 3/2)— 0.113%P,,( — 3/2)+0.121°D,( — 3/2)
0.2258S,,(7/2)— 0.2445P,,(7/2)+ 0.260°D4,(7/2)
—0.2338S,,(—1/2)+0.252%P,,5( — 1/2)— 0.269°D,,(— 1/2)
0.1048S,,,(5/2)—0.1135P,;(5/2)+ 0.120°D,,(5/2)
—0.3068S,,(—3/2)+0.3326P,,(— 3/2)— 0.3545D,( — 3/2)
0.4495P.,(5/2)— 0.3895D,(5/2)+ 0.1585F 5 (5/2)
+0.1524D 6g/5(5/2)+ 0.4626P,( — 3/2)— 0.400°D o — 3/2)
+0.1635F 5 ( —3/2)+0.157D 65, — 3/2)

—0.621%Pg( —1/2)+0.5395D o — 1/2)— 0.2195F o — 1/2)
—0.211D 6 — 1/2)— 0.028°P-,5( 7/2)+ 0.030°D,(7/2)
—0.0388S,,(—1/2)+0.059%P,,5( — 1/2)+0.062°D,,(— 1/2)
—0.442°P¢5(5/2)+ 0.384°D)5(5/2)— 0.156 °F 5 /( 5/2)
—0.150*D 65/5(5/2)+ 0.4465P,( —3/2)— 0.387°D g ( — 3/2)
+0.157°F 5;(— 3/2)+0.152%D 65 — 3/2)
—0.0508P-5(5/2)— 0.063°D,,(5/2)+ 0.0528F ;;(5/2)
—0.0415G,;(5/2)— 0.039*D6-,,(5/2)— 0.029°D 1,,,(5/2)
+0.3608P,(—3/2)+0.4575D,;( — 3/2)— 0.3785F ;. (— 3/2)
+0.2996G;( — 3/2)+ 0.285%D 6( — 3/2)+ 0.213*D 1 — 3/2)
0.187°P,,(7/2)+0.238°D,(7/2)— 0.197°F,(7/2)
+0.1555G;(7/2)+ 0.148%D 6, 7/2)+0.111*D 1,,(7/2)
—0.305°%P,(—1/2)—0.3875D,5( — 1/2)+ 0.3205F ,,( — 1/2)
—0.2528G;(— 1/2)— 0.241%D 64,5 — 1/2)— 0.180*D 1, — 1/2)
—0.3626P,(5/2)— 0.459°D,,(5/2)+ 0.380°F ;;(5/2)
—0.3008G,(5/2)— 0.286*D6,(5/2)— 0.214*D 1,,,(5/2)
—0.0568P,,(—3/2)—0.0715D,( — 3/2)+ 0.0585F ;,(— 3/2)
—0.0465G;( — 3/2)— 0.044*D6( — 3/2)— 0.033*D 1 — 3/2)
—0.2985P,(7/2)— 0.378%D,(7/2)+ 0.3135F ,,(7/2)
—0.2475G(7/2)— 0.235%D6,(7/2)— 0.176*D1,(7/2)
—0.200°%P( — 1/2)— 0.2545D,5( — 1/2)+ 0.2105F ,,( — 1/2)
—0.1665G;(— 1/2)— 0.158*D 6;( — 1/2)— 0.118*D 1, — 1/2)
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ture controller were sometimes used to raise the sample termately 5% for the excitation polarizations corresponding to

perature. the peak absorption intensity.
Initially TPA spectra of the®S,,,— 6D, transitions were
obtained using a Nd:YAG pumped dye laser and a hydrogen Ill. THEORETICAL

Raman cell. Sulforhodamine B w. n ropriat for . .
thiz SatOkC:s Ilsghﬁteg dk?eamei OthearS stokizp;npd Zﬁtféteokce)}s The. LUPQ host lattice h%s tetragonal+ zycon-type struc-
beams from the Raman shifter were stopped by two Scho{fm.a with thg s.pace-grou@4h+. .The Cn?_ lons_enter -the

RG 1000 color filters, one attached directly to the window of attice subst|tut|onally fqr Lo lons at sites OD.Zd p0|n_t

the cryostat. Moreover, a Pellin-Broca prism was used tosymmetry? Th‘? poIanzgﬂon of incident pg:gto_ns is described
spatially separate the desired excitation beam. This beam, o pqlqr coordinates with respect to the -TTBIMe axes. The
up to 4 mJ/pulse power, was focused onto the sample by a axis is parallel to the crystallographicaxis, 6 is the angle

| It larizati { USi Onbtics for R tween the polarization unit vector and thaxis, ande is
cmens. IS polarization was S€t using an LUptcs for Researcy, angle between the polarization unit vector andxtlais

SB-10 Soleil Babinet compensator. The photomultiplier tubqn thex-y plane. In LuPQthe Cn* site axes are rotated by

housing was attached directly to the cryostat, yvith a singlgse anout ther axis from the crystallographic ax&shere-
5-cm lens to collect the CH ﬂuorescenc_e and direct |.t onto fore the anglep is 45° for a beam entering the crystal normal
the photocathode. A Schott 605 21-nm interference filter wagy gne of the cleavage faces.
placed in front of this lens to eliminate scattered laser light The theoretical analysis of the polarization-dependent be-
and select the overafiD;,—®S;, fluorescence. The signal havior of Cn#* ions in LuPQ follows the general formalism
was measured with a Princeton Applied Research 162 boxcaér the intensities of two-photon transitions developed by
averager, with a gate width of 1 ms. TR®,;(1) emitting  Nguyen'? The one-color two-photon transition intensity be-
level has a fluorescence lifetime of (5860) us? tween an initial stat¢i) and a final stat¢f) is proportional

To confirm these results, the experiment was repeated u$e
ing a Lambda Physik Scanmate optical parametric oscillator ) )
(OPO as the excitation source. This is a hybrid OPO, whichSit = (i arpal )], (1)
uses a small dye oscillator as a seed laser. It was pumped iyhere ayp, is the two-photon tensor operatr:
the third-harmonic output of a Spectra Physics GCR-3
Nd:YAG laser. The output beam was passed through a Corn- -1 o 3cogh—1 2 e~ lesin2p 2
ing 2-64 color filter. It had a sufficiently broad transverse anA=73 @y + T X T 5, !N
mode for a Spectra Physics 310-21 polarization rotator to be
used to change the excitation polarization. The polarization e'®sin26 2 e 2iesirtg 2 e?'¢sirt g 2
of the transmitted excitation beam was checked and found to et 5 ay t e as;.
be linear, confirming that there was no depolarization caused
by birefringence in either the sample or the cryostat win- 2
dows. The excitation power was usually 6p0d/pulse and | the second-order approximation, the irreducible tensors
was never increased above 1 mJ/pulse. A 25-cm quartz Ienca(qt) are related to the spherical tensmg) by
was used to focus the beam onto the crystal. A Hamamatsu
IP28 photomultiplier tube was placed against the window of (aD)2nd=fF y® 3)
the cryostat to detect th&D,,—8S;,, fluorescence. A 2-73 d a
color filter and a 602 10-nm line filter were placed betweenwhere
them. The signal was amplified by a Stanford Research 3 1 12
SR445 fast preamplifier and then measured using a Stanford Ft:(_l)tz 7(2|,+1)(0 0 O) (5f|r|n’1")2

Research model SR400 gated photon counter, with a gate Y

delay of 10 us and width of 2 ms. Neutral density filters ,

were used to avoid pulse pileup with strong signals. X (2t+ 1)1/2{ 131 } 1 _ )
This same setup was used to observe #8g,—°Pg, 3 1 t]|Ey—tho

TPA transitions. TPA to th€D,, multiplet was observed in E

X . . is defined as the average energy of thfé€rBl’ con-
wi?hsfgnse;svgydybeu;:stlhng eigtpaeticotaasznsr/csécs PDL-3 dye Ias‘frlrgguration above the & ground level andiw is the energy of

Transition intensities were measured from the TPA Specgach incident photon. Expressing the initial and final crystal-
. . - ; field states in terms of Russell-Saunders coupled wave func-

tra using the line fitting routines of therRAMS/386 program tions

from Galactic Industries. Initially all the lines in a spectral

region were fitted to Lorentzian functions, without constrain-

ing the fitting parameters, to establish the position and width liy= a(i;5f’aSLJY)|5f aSLIY), (5)

of each line. For the final fits to determine the line areas, astyy

both these parameters were fixed, and just the peak intensi-

ties were fitted. E)fp_grimental ur?(':erta'inties'v'vere estimated fy= 2 a/(f;5f7a/le/JlJ£)|5f7a/S/LIJ/J£>,

from the reproducibility of transition intensities measured 'L

from different spectra which were obtained under identical ‘

experimental conditions. For the transitions investigatedhe contribution of the second-order matrix element of the

here, the uncertainties for the final line areas were approxispherical irreducible tensorg) is given by:
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(ila|f)=F, 2 > a(i;5f7aSLid)a’ (f;5(7a’S'L' I 3;)(517aSLIGUY |5t 7a’S'L'I' ), (6)
aS’LJJ

where

(5f7aSLIIJUY |5’ S'L 3" I))

JV(I ot
] )[ ]<5f7aSL||U(‘)||5f7a’SL’>6(S,S’)

+S+L +t— ' J
=(—1)2FSTI (204 1)(2) +1)]1’2( s L
(7

andU® is the many-electron Racah unit tensor of orbital rank
The third-order contributions, taking into account spin-orbit interactions within the lowest-lying excited configuration
5f%6d, are given by?

(5f7aSLIY(al)?Y5f7a’S'L' I’ L)

={ \g H(0)— G(O,l)} (23+1) " VA5f7aSLIW 57’ S'L" 3) 8(,d") 8(J,,d;) (8)

\[g H(2)(2'+1)" 2

X > (5f7aSLIU?|5f7a"SL ") (5 a"SL"Y W57’ S'L' ")
aNL//

—G(2,)(5f7aSLIWI?|5f7a’'S'L'I") - G(2,2)

and

J 27
(5f7aSLJJZ|(aE]2))3rd|5f7aIS,L,J,‘]é):(_1)JJZ(—JZ q J,)
z

X (5f7aSLIWIP2|5f7a’'S'L" ") —G(2,3)(5f"aSLIWED?|5f7a'S' L") |,

whereW@t is a double tensor of spin rank 1, orbital rank 2, and total rarti(t) andG(t,\) are defined as follow_f)
H(0)= (Eede%;m)z (5f|r[6d)?, G(0,D)= % (5f|r|6d)?,
H(2)= % 5f|r|6d)2, G(2,1)= J%Isé:fiif (5f|r|6d)?,
G(2,2):#%(5f|r|6d)2, G(2,3)=%(5flrl6d)z. (10)

Symmetry selection rules for a givdhy—1I'; transition be- These tensors transform as the irreducible representations
tween two Stark levels of symmetrids andI'; lead to I’ of the groupDzd, appearing in the reduction &, . The
specific expressions for therp, operator. This operator has additional y’ index is necessary wheli’ has a dimension
even parity, and the!) tensors are irreducible tensor opera- greater than unity. Thetl'' y’ |tq) CoeffICIents have already
tors transforming as thB;" irreducible representation of the been calculated for th€,, group;® which is isomorphic to
full rotation group. When considering thB,q group, the D2q- Specifically, the relevant tensors are

o tensors can be expressed as a sum of irreducible tensors

a(rt? : ay'=af) (wheret=0,2),
a¥= 0 (i |tg) (11) -2t 2 Lo
q = I’y Y q . ail— ‘/Q ( 5)/1 F572)
Y
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TABLE II. Effective tensor operators for two-photons transi- third order, and the nonzero values are listed in Table IllI.
tions of Cnt* ions in D,y symmetry. The polarization dependences of the TPA transitions inves-
tigated are given in Table IV.

Transition Operator
Fe—Te 1 0,3 codo-1 IV. RESULTS
4TPAT T 5 0 B 0 A. 8S;,-5D, transitions
e isin2g ei®sin20 Two-photon absorption was observed to three of the four
- 2 P+ > a?) levels of the®D-,, multiplet [Figs. Ab) and 1c)], Figure 1a)
ror, 2 s_hows the comparable single-photon abs_orptlon. Twc_> transi-
o= 1 O 3coso-1 e tions were observed to th#D,(1) level[Fig. 1(b)], which
A 3 0 J6 0 are separated by 3.5 ¢rh This is a ground multiplet split-
~iegingg iegin2g ting_ and identifies these transitions unampiguogsly as origi-
_ e sn al?+ esn a?) nating from the two lowestS,,, levels. The fitted linewidths
2 2 are 3.5 cm?, broader than the 2.3 cm inhomogeneous
PgoTy __e'¥sin2g . e'¥sin2 linewidths measured by single-photon absorption. Their
MPATT T 5 AT T @ measured and calculated polarization dependences are shown
o~ 2igir?g Pesirt in Fig.. 2. The polariz_ation pehavior is unusual in .that both
o2+ a? transitions are more isotropic than expected. At higher tem-
2 2 peratures a third transition was seen, which originates from

the third ground multiplet level. However, it was too weak to
yield good line fits.
1 Two transitions were observed to thD,(2) level,
aB=— (al?+a?). (12)  separated by 7.9 cm, originating from the first and third
vz 3 ground multiplet levels. Just one@b}road line, with a linewidth

I I of 20.2 cm't, was observed to theD-,,(3) level[Fig. 1(c)].
It follows that the _n_onvamshmg contributions Ry—1I' or The originating levels can not be determined definitively, as
I'7—T'7 TPA transmo%? betwc?ze)n the Kramers doublet levels, oo, nd-state splittings are resolved. However, the strong
will involve only the «;” and e’} matrix elements, whereas po|arization anisotropyFig. 2) suggests that this transition
only the &%) and a(+2) elements will contribute td'¢—~I';  comprises absorption from mainly one level. As the intensity
TPA transitions (Table 1. A consequence is that the of this line decreases immediately on heating the sample, this
I'e—T's and I';—T'; transitions will be more sensitive to transition probably originates from the lowest ground mul-
third-order corrections, as the) contribution is zero in the tiplet level.
second order. In addition to the electronic transitions, there are numer-

The crystal-field wave functions for Gih in LuPQ, for  ous minor excitation features in the spectra which have re-
the levels investigated have been given in Table I. Only ongroducible structure. These were also observed in single-
state of the Kramers doublet is given for each level. Thes@hoton absorptiofFig. 1(a)] and appear to be phonon bands
wave functions were calculated from the parameters of @oupled to the main electronic lines. Their displacements are
phenomenological Hamiltonian, which had been fitted to 80n approximate agreement with phonon energies measured
experimental energy levefsUsing the crystal-field wave by Raman spectroscop§.In the two-photon spectrum, the
functions given in Table I, the polarization dependences ofeatures in the region 16 800—16 920 thappear strongest
the TPA intensities can be calculated. Only thdSelL;  when 6=90°. This would suggest that they are coupled to
components greater than 1% were used in the calculationthe 8S,,(1)—°D,,(2) transition, which also appears
The « —<||a(t)|f) matrix elements were calculated up to strongly whend=290°.

TABLE lll. Nonzero values of th@.xﬁJI parameters calculated for TPA transitions to fi,,, °Ps,, and
®D,, multiplets of Cni* in LUPO, (¢=45°).

Transition (crt) Second order dgx 10°7) Second and third orderaf,x 10" ")
83,(1)—°®D7A1) a3=1.36 ao 1.93, a0=7.88
83,(2)—Dy1) a5=0.655,a%,=1.67, a%,;=1.22 =0.929, a,2—2.36, a?,=1.73
83,(1)—°®D7A2) a3=-0.226,a%,=—-0.989,a2,=2.01 a3=-0. 321 a?,=-141, a%,=2.86
83,,(1)—°D73) a§:2.09 =2.96, a5=3.91
85,,(1)—5Pg(1) =0.243, @ 2, =-1.27, a2ﬂ=—o.960 =0.298, a® ,=—1.55, a%;=—1.18
83,,(2)—5Ps5(1) =1.53, a+1 —-0.568 a§,=1.88, a",;l= —0.697
83,(1)—°D4(1) =0.559, o? So= =0.968, a2 ;= —0.526 =0.710, o* 2o= =1.23, a+l 0.668
8S,,:(2)—°D4(1) =0.393, a2 ,=1.59 =0.502, ao 2.03,a%,=2.03
83,,(1)—5D4(2) =1.38 =1.76, a/O —1.54

85,/(2)—8D4(2) =0.637,a,=0.990, ¢%,=1.21 =0.812,a%,=1.26, a2 =1.54
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TABLE IV. Calculated polarization dependences of TPA intensities for transitions t6Rhg, P,
and 5D/, multiplets of Cni* in LUPQ, (¢=45°).

Transition (cm?) Second ordefarpa|?x 104 Second and third ordégrp,|2x 101
83,,(1)—5D7(1) 0.616 (3 co®—1)° 11.1 (2.26- cos6)?
83,,(2)—%D7(1) 0.511 sifig+0.743 sik26 sin*9+1.50 sirf26
83,,(1)—°D7x(2) 0.29 sift9+2.02 sirf26 0.58 sitg+4.09 sirf26
83,,(1)—5D7x(3) 1.45 (3 co&9—1)? 24.0 (1-1.06 cod6)?
83,,(1)—CPg(1) 1.14 sifl6+0.46 sirf20 1.70 sif6+0.70 sirf26
8S,,(2)—CP5(1) 0.784 (3 co®—1)?+0.161 sif26 1.18 (3 cod9—1)?+0.24 sirf260
83,,(1)—°D4(1) 0.084 sif#+0.138 sik26 0.135 sif#+0.224 sik26
83,(2)—°D4(1) 0.05 (3 codh—1)°+1.26 sirf20 2.00 (0.61 co®—1.38f+2.06 sirf2¢
83,,(1)—5D4,(2) 0.635 (3 co%9—1)? 9.24 (cog6+0.080Y
83,,/(2)—5D4(2) 0.062 sift9+0.732 sif20 0.10 sift6+1.19 sirf26

B. 8S,,—°Pg, transitions C. 8s;,—°DJ, transitions

Two-photon absorption was observed to two of the three T hot b i b dto all f tal
levels of the ®Ps, multiplet (Fig. 3. Three distinct transi- wo-photon aes?rp lon Yvas 0 .serve o all four cry.s a
tions can be discerned to tHfPg (1) level. Two of these field levels of the®D7,, multiplet, Fig. 5. Two of the transi-
originate _from_t_he two Iowest levels of the_ground multiplet tions to the®D’,,(1) level could be identified as originating
and are identified by their common splitting of 3.1Tm  from the two lowest levels of the ground multiplet. There
Their experimental and predicted polarization behaviors arquas an additional transition with a displacement of
either or both of the third and fourth ground multiplet levels, higher ground multiplet levels. These three transitions had
with a fitted displacement of 8.8cm from the fited linewidths of 4.8 crit. Similarly, both the transitions
83,,5(1)—°Pg;5(1) transition. The line to théPg,(3) level :

12 5/2 . 5/2 between the two lowest ground multiplet levels and the

could not be resolved into its ground-state components, angD§,2(2) level were identified. Again a third transition, with

ngzrt]l?rF()ee and intensity do not change appreciably with temé displacement of 8.6 cm, was also observed. The experi-

Phonon bands were also observed in these two-phonoWental and predicted polarization behaviors of these transi-

o ; : . e tions are shown in Fig. 6.
excitation spectra. With the exception of the unidentified fea- )
P P A broad line was observed to each of tAB},(3) and

ture 20 cm® higher than the’S;(1)—°Pg,(1) transition,

these are weaker than for single-photon excitation. °D7(4) levels. Neither of these could be resolved suffi-
ciently to distinguish components originating from the dif-
Single-Photon Excitation Energy (cm) ferent ground multiplet levels. Both of these exhibit rather
16400 16600 16800 17000 17200 isotropic polarization behavior. The excitation power depen-
' ' ' ' ' dence was measured for these two lines. In both cases there
*D72(2) Dya(3)  “Dral4) was a quadratic dependence, affirming their two-photon na-

ture.
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FIG. 1. (@) #=0° polarized spectrum of the single-photon ab-
sorption transitions to théD-;, multiplet. The single-photon exci-
tation spectrum was interrupted near 16 525 &ito avoid damag- FIG. 2. Experimental polarization behavididoty of the
ing the photomultiplier tube, which was monitoring the overall 8S;,—®D-, two-photon absorption transitions. The second-order
5D,,—8S;,, fluorescence(b) #=0° and (c) #=90° polarized (dashed lingand combined second- and third-ordsolid line) cal-
spectra of the TPA transitions to ti#®, multiplet obtained with  culated polarization dependences are shown on different arbitrary
the OPO. scales.
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FIG. 3. #=0° and#=90° polarized spectra of the TPA transi-
tions to the®Pg,, multiplet.

FIG. 5. #=0° and§=90° polarized spectra of the TPA transi-
tions to the®D?,, multiplet.

second- or third-order theories. Similar isotropy has been
reported for E&" TPA transitions in E(OH); and

It is clear from Figs. 2, 4, and 6 that for most of the TPA E#*:LuPQ,.2"*8 |t was found that this isotropy could be
transitions studied the calculated polarization behavior i%ccounted for phenomeno|ogica]|y by addmg a positive con-
very different from that measured experimentally, even wherstant to the polarization-dependent functions for the TPA
third-order spin-orbit corrections are included. Varying thejntensities. This would correspond to an additional imaginary
value of ¢ between 0° and 45°, to account for any misalign-term in the transition matrix elements, which is independent
ment of the sample, would not result in better agreementof the polarization angles. Hence these new polarization-
The transitions 8S;(1)—°D7%(3), °Sy(2)—°Ps(1),  dependent functions for the Gfion have the form
and 8S;,(1)—°%D4,(2) are an exception, as they exhibit
reasonable agreement between their measured polarization
behavior and that predicted by the combined second- and
third-order theory. All three transitions are of thg—1T",
type, and it is not surprising that inclusion of the third-order
contribution improves the agreement obtained, as the
(ag)3fd scalar term should be important in this case. Simi-
larly, the third-order correction improves significantly the
prediction for the ®S;(1)—°D(1) transition, which is where A, B, C, A,, B,, C,, and D, are positive real-
also of this type. valued fitting parameters. Fits to these modified functions are

Even more striking was the disagreement between the theshown for the four®s,,— D/, transitions in Fig. 7. Of the
oretical and experimentally measured values for the relativgstal of ten transitions investigated, all those whose calcu-
intensities of the TPA transitions investigatEd. The discrep1ated po|arizati0n behavior had been in poor agreement with
ancy was three orders of magnitude in some cases. Morexperiment exhibited comparatively good fits to these modi-
over, inclusion of the third-order spin-orbit correction madefied functions. For the other three transitions, the agreement
the discrepancy worse in most cases. with experiment was also improved. Some of this improve-

Many of the Cni" TPA transitions investigated exhibit a ment may be attributable to the fact that the parameters for
significant isotropic component in their intensities, apparthese functions were fitted to the experimental intensities,
ently independent ob, which is not predicted by either the rather than calculated from the wave functions of the crystal-
field states.

Other mechanisms may contribute to the CHiPA tran-
sitions, particularly that arising from the third-order crystal-

V. DISCUSSION

A+B sin*6+C sirf26 (for I'q—T'; transitions,
A+ (B,cog6+C,)%+D,sinf26

(for I'y«T", transitions, (13
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field interaction. No third-order crystal-field corrections were
calculated because the odd crystal-field param@érare
unknown. Such mechanisms might be responsible for dis-
crepancies between the measured and predicted transition in-
tensities. It is perhaps significant that the single-photon tran-

sitions were only weakly polarized for Gin LuPQ,.?3
FIG. 4. Experimental polarization behavididots of the
83,,,—%Ps, two-photon absorption transitions. The second-order
(dashed lingcalculated polarization dependences are shown on dif-
ferent arbitrary scales. There are no third-order corrections for these Two-photon absorption transitions originating from the
two transitions. nominally 8S,,, ground multiplet of CrA* ions in LuPQ

VI. CONCLUSIONS
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FIG. 6. Experimental polarization behavigidoty of the FIG. 7. Modified polarization dependencewlid line), derived
8s,,,—°D1), two-photon absorption transitions. The second-orderfrom transition matrix elements which include an additional imagi-
(dashed lingand combined second- and third-ordsolid line) cal- ~ nary term, fitted to the experimental polarization behavitty of

culated polarization dependences are shown on different arbitrarn€ ®Sz— D+, two-photon absorption transitions.

les. . . . .
scales crystal-field corrections could be calculated and included in

the polarization-dependent functions.
have been investigated. Measurement of transitions between
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