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ABSTRACT

Laser excitation spectroscopy has been used to investigate two-photon absorption
transitions of the actinide ion Cm® in a LuPO, host crystal. One-color two-photon
excitation spectra were recorded in the energy ranges corresponding to the ®S,, — °D,,
(16,400 - 17,200 cm™), %S,,, — °P,, (19,700 - 20,300 cm™), and ®S,, — °D,, (27,700 -
28,100 cm™') absorption transitions. The relative intensities and polarization dependencies
of the lines observed were measured. These results are compared to calculated 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 transitions.



I. INTRODUCTION

The optical properties of the Cm* ion ([Rn]5f7), and for comparison the Gd>* ion
( [Xe]4f7), diluted in LuPO, crystals have been extensively investigated by one-iahoton laser
spectroscopy [1,2,3]. The main differences in their optical properties arise from smaller
values of the Slater parameters and the much larger spin-orbit interaction for Cm’* as
compared to Gd>*. In addition the crystal field splittings are about a factor of two larger
for the excited states of Cm>" than for Gd>* in the LuPO4 host crystal. The larger
intermediate coupling for the Cm* ibn results in a ground-term wavefunction which is only
about 80% °S,,, compared to the almost 100% °®S., character of the ground-term
wavefunction of the Gd** ion. As a consequehce, the measured overall splitting of this
nominally S, grohnd multiplet is 9.5 cm™ for Cm* in LuPO, [2,3]. It is therefore
pbssible to distinguish absorption transitions originating from different levels of the Cm®*
ground multiplet spectroscopically and so measure their polarization behavior. Studies of
other S-state ions, such as Gd** [4-7] and Eu® [8], have measured only the integrated
intensities of TPA transitions from their weakly split (less than 1 cm™) %S., ground

multiplet.

Analyses of the !S,, — °P, (J = 3/2, 5/2, 7/2) two-photon absorption (TPA)
transitions of Gd>* ions.in various host crystals have generated much theoretical interest
since the standard second-order theory of Axe [9] has proven inadequate to explain their
observed relative intensities [4-7]. Higher-order corrections involving the spin-orbit and/or
crystal field interactions between intermediate states, particularly those of the 4f°-5d lowest
lying excited configuration, were introduced to account for the observed discrepancies
[10,11]. In the case of the Cm* ion, the relatively large admixtures of other SLJ states into
the ground-term wavefunction by spin-orbit coupling means the second-order intensity

theory is more applicable, so Axe’s theory may better account for the TPA intensities. It is



also possible the large spin-orbit interaction will enhance the third-order contributions to the
TPA intensities. In this paper we present the results of an experimental study of TPA
transitions for Cm3+ in LuPOy, including measurements of their relative intensities and
polarization dependencies. These data are analyzed in terms of a new formalism which

includes second and third-order contributions [12].

In this paper multiplets will be labeled according to their largest ***'L, component.
It follows from crystal field analyses [2,3] that the first excited multiplet of the Cm® ion in
LuPO, is labeled 9D, instead of °P,, as in the case of the Gd* ion. The other D5,
multiplet considered in this .paper will be labeled 6D7 rn~ to avoid ambiguity. The
nomenclature 2S+1LJ(n) will be used to denote the n highest energy crystal field level in a

multiplet 2S+1LJ. The levels and wavefunctions are given in Table I.
II. EXPERIMENTAL

Single crystals of LuPO4 doped with almost isotopically pure 248Cm were grown at
Oak Ridge National Laboratory using the high-temperature solution technique described
previously [13,14]. The crystal used for this study was relatively small, with dimensions
of 0.5 x 2.0 x 1.0 mm3. The nominal Cm3+ concentration is estimated to be less than 0.1
mole%. This radioactive sample was sealed in a quartz ampoule under a partial pressure of

helium for containment purposes.

All the experiménts, unless otherwise stated, were conducted at a temperature of -
4.2 K in an Oxford Instruments CF1204 optical cryostat. The actual sample temperature
may be somewhat higher due to the absorption of léser energy. Resistive coils and an
Oxford Instruments ITCV4 temperature controller were sometimes used to raise the sample

temperature.



Initially TPA spectra of the 8S7/, — 6D7/, transitions were obtained using a
Nd:YAG pumped dye laser and a hydrogen Raman cell. Sulforhodamine B was an
appropriate dye for the Stokes II shifted beam. Other Stokes and anti-Stokes beams from
the Raman shifter were stopped by two Schott RG1000 color filters, one attached directly
to the window of the cryostat. Moreover, a Pellin-Broca prism was used to spatially
separate the desired excitation beam. This beam, of up to 4 mJ/pulse power, was focused
onto the sample by a 21 cm lens. Its polarization was set using an Optics for Research SB-
10 Soleil Babinet compensator. The photomultiplier tube housing was attached directly to
the cryostat, with a single 5 cm lens to collect the Cm** fluorescence and direct it onto the
photocathode. A Schott 605-21 nm interference filter was placed in front of this lens to
eliminate scattered laser light and select the overall D7/, — 8S7; fluorescence. The signal
was measured with a Princeton Applied Research 162 boxcar averager, with a gate width

of 1 ms. The 6D7,2( 1) emitting level has a fluorescence lifetime of (580+60) ws [2].

To confirm these results, the experiment was repeated using a Lambda Physik
Scanmate optical parametric oséillator (OPO) as the excitation source. This is a hybrid
OPO, which uses a small dye oscillator as a seed laser. It was pumped by the third-
harmonic output of a Spectra Physics GCR-3 Nd:YAG laser. The output beam was passed
through a Corning 2-64 color filter. It had a sufficiently broad transverse mode for a
Spectra Physics 310-21 polarization rotator to be used to change the excitation polarization.
The excitation power was usually 600 pJ/pulse and was never increased above 1 mJ/pulse.
A 25 cm quartz lens was used to focus the beam onto the crystal. A Hamamatsu IP28
photomultiplier tube was placed against the window of the cryostat to detect the 6D7, —
8S7/2 fluorescence. A 2-73 color filter and a 602-10 nm line filter were placed between
them. The signal was amplified by a Stanford Research SR445 fast preamplifier and then

measured using a Stanford Research model SR400 gated photon counter, with a gate delay



of 10 us and width of 2 ms. Neutral density filters were used to avoid pulse pile-up with

strong signals.

This same setup was used to observe the 8S7/2 — 6Ps/y TPA transitions. TPA to
the ©D7/,” multiplet was observed in the same way, but using a Spectra Physics PDL-3

dye laser with LDS750 dye as the excitation source.

Transition intensities were measured from the TPA spectra using the line fitting
routines of the GRAMS/386 program from Galactic Industries. Initially all the lines in a
spectral region were fitted to Lorentzian functions, without constraining the fitting
parameters, to establisﬁ the position and width of each line. For the final fits to determine
the line areas, both these parameters were fixed, and just the peak intensities were fitted.
Experimental uncertainties were estimated from the reproducibility of transition intensities
measured from different spectra which were obtained under identical experimental
conditions. For the transitions investigated here, the uncertainties for the final line areas
were approximately 5% for the excitation polarizations corresponding to the peak

absorption intensity.
III. THEORETICAL

The LuPO, host lattice has the tetragonal zircon—t}"pe structure with the space-group
D,,"". The Cm™ ions enter the lattice substitutionally for Lu* ions at sites of D,, point -
symmetry [1]. The polarization of incident photons is described in polar coordinates with
respect to the Cm™ site axes. The z axis is parallel to the crystallographic c-axis, 6 is the
angle between the polarization unit vector and the z axis, and ¢ is the angle between the

polarization unit vector and the x axis in the x-y plane. In LuPO, the Cm® site axes are



rotated by 45° about the z axis from the crystallographic axes [6]. Therefore the angle ¢ is

45° for a beam entering the crystal normal to one of the cleavage faces.

The theoretical analysis of the polarization dependent behavior of Cm>* ions in
LuPO4 follows the general formalism for the intensities of two-photon transitions
developed by Nguyen [12]. The one-color two-photon transition intensity between an

initial state {i) and a final state | f) is proportional to:

. 2
Sy = |l 7] (1)
where orrpy is the two-photon tensor operator [12]:
Olpp = =0 + ———=——0 — o + o
TPA ﬁ 0 '\[6 0 2 1 2 1 (2)
e ?sin’0 .,  e™sin’0
2 + 2 -2

In the second-order approximation, the irreducible tensors ocq(t) are related to the spherical

tensors U,® by:

()™ = Fu?, 3)

q

where
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E,p is defined as the average energy of the 5f °n’l’ configuration above the 5f 7 ground
level and 7% is the energy of each incident photon. Expressing the initial and final crystal -
field states in terms of Russell-Saunders coupled wave functions:

liy=" a(i; 5f aSLIJ,)| 5 aSLJJ,)

asLIJ,

[fy= D a (£35S LIS oS LT | ®)

a’S’LIY,

the contribution of the second-order matrix element of the spherical irreducible tensor aq(t)

is given by:

(il f)=F Y > a5 aSLI)a’(f: 5 a'S'L'TT,)

asLII, a'S'L'I; . ©6)

x(5f7aSLIT, [UC| 57 a's'LTT)
where

(57 aSLIT || 5f7o/'S'L'TT,)

. : J ¢t IN\J ¢ T
- (_1)2.!+S+L +1=J, [(2J+ 1)(2Jr+ 1)]”2 ) , ‘
-J, q Jz LS L

K4

}(5f7aSL“ U® || 5f7a’SL)8(S, ")

)

‘and U(t) 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 [12]:



(57 aSLIT| (a{)* |5f7a'S'L'J'J;)

8
= [ @H(O) -G(0,1 )}(21 + 1723 aSLI|W || s 'S L' T)8 (0, )5, J7) ®
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( 5f7aSLJJ,

x [\E H2)27 + 1) 3 (577 aSLIUP|5f o"SL )" )(Sf "oSL" T W ™|5f 'S 'L’

a'lL”
— G(2,1)(5 aSLIW™ P |sf o'S'L'T’) = G(2,2)(5f aSLI|W'??|5f7 a/'S'L'T’)
~ G(2,3)(5f oSLIWP|sf a'sL'T)|
®
where WM s a double-tensor of spin rank 1, orbital rank 2, and total rank ¢. H(t) and

G(1,1) have the following expressions:

__ 65 2 _ (65, -4¢,) 2
H(0) = E- hw)z_ (5flr6d) G(0,1)= (B, —no] (5f|rl6d)
68, ) (182, +8¢,) 2
H(2) = T (5f|r64d) G2.1)= == (B —ha) (57Irl6d)
3, . _3NR2(¢,-¢,) )
G(2,2)= 0B, — ha) (5flr6d)”  G(2,3) = 35(E,, o) (5flr6d)”.
(10)

Symmetry selection rules for a given I'; — It transition between two Stark levels of
symmetries I'j and I'r lead to specific expressions for the Oirps operator. This operator has

even-parity and the a(t) tensors are irreducible tensor operators transforming as the D+



irreducible representation of the full rotation group. When considering the Dyg group, the

o® tensors can be expressed as a sum of irreducible tensors a(r‘,)y,:

a;”=;a§_‘?7,(t1"'y'|tq) : ~an
Y

These tensors transform as the irreducible representations I"” of the group D,,, appearing in
the reduction of D¢t. The additional ¥ index is necessary when I'” has a dimension greater

than unity. The (tF v

tq) coefficients have already been calculated for the C4y group [15],

which is isomorphic to Dyg4. Specifically, the relevant tensérs are:

—-

al’ = a(r‘]) (where, t = 0,2)

+
2) . — (2) 2)
Oz = /2 (arsﬁ iarsyz)
1 .
2y _ (2) (2)
o, —'—‘\/.—E(a)--3 ia,.d) . (12)

It follows that the non-vanishing contributions to I'¢ — I'g or F} — I'7 TPA transitibns
between the Kramers doublet levels will involve only the &’ and o’ matrix elements,
whereas only the a?’ and o) elements will contribute to I'¢ <> I'7: TPA transitions, Table
II. A éonsequence is that the I'e > I' and I'7 — I'7 transitions will be more sensitive to

third-order corrections, as the o

contribution is zero in the second-order.

The crystal field wavefﬁhctions for Cm’" in LuPO, for the levels investigated have
been given in Table I. Only one state of the Krarners doublet is given for each level. These
wavefunctions ‘were calculated from the parameters of a phenomenological Hamiltonian,v
which had been fitted to 80 experimental energy levels [3]. Using the crystal field
wavefunctions given in Table I, the polarization dependeﬁcies of the TPA intensities can be

25+1

calculated. Only those Ly components greater than 1% were used in the calculations.

The (xqt = <i|ocf]’) I f ) matrix elements were calculated up to third order and the non-zero



values are listed in Table III. The polarization dependencies of the TPA transitions

investigated are given in Table IV.

IV. RESULTS

A. 857, — 6D4,; Transitions

Two-photon absorption was observed to three of the four levels of the D7y
multiplet, Figure 1. Two transitions are observed to the 6D7,5(1) level, which are separated
by 3.5 cm’l. This is a ground multiplet splitting and identifies these transitions
unambiguously as originating from the two lowest 8S7/2 levels. The fitted linewidths are
3.5 cmrl, broader than the 2.3 cm-! inhomogeneous linewidths measured by single-photon
absorption. Their measured and calculated polarization dependencies are shown in Figure
2. The polarization behavior is unusual in that both transitions are more isotropic than
expected. At higher temperatures a third transition was seen, which originates from the

third ground multiplet level. However, it was two weak to yield good line fits.

Two transitions. were observed to the 6D7/2(2) level, separated by 7.9 cm-l,
originating from the first and third ground multiplet levels. Just one broad line, with a
linewidth of 20.2 cm-!, was observed to the 6D75(3) level. The originating levels can not
be determined definitively, as no ground-state splittings are resolved. However, the strong
polarization anisotropy (Figure 2) suggests that this transition comprises absorption from
mainly one level. As the intensity of this line decreases immediately on heating the sample,

this transition probably originates from the lowest ground multiplet level.

In addition to the electronic transitions, there are numerous minor excitation features

in the spectra which have reproducible structure. These were also observed in single-

10



photon absorption (Figure 3) and appear to be phonon bands coupled to the main electronic
lines. Their displacements are in approximate agreement with phonon energies measured
by Raman spectroscopy [16]. In the two-photon spectrum, the features in the region
16,800 to 16,920 cm! appear strongest when 8=90°. This would suggest that they are

coupled to the 8S7/5(1) — 6D7/»(2) transition, which also appears strongly when 6=90°.
B. 8S4/2 — 6Ps/» Transitions

Two-photon absorption was observed to two of the three levels of the %Ps;
muitiplet, Figure 4. Three distinct transitions can be discerned to the 6Ps/(1) level. Two
of these originate from the two lowest levels of the ground multiplet and are identified by
their common splitting of 3.1 cmr!. Their experimental and predicted polarization behavior
are shown in Figure 5. The third transition could originate from either or both of the third
and fourth ground multiplet levels, with a fitted displacement of 8.8 cm-! from the 8S7/2(1)
— 6Ps/(1) transition. The line to the Ps/(3) level could not be resolved into its ground-

state components, and its shape and intensity do not change appreciably with temperature.

Phonon bands are also observed in these two-photon excitation spectra. With the
exception of the unidentified feature 20 cm! higher than the 8S7/2(1) — 6Ps/5(1) transition,

these are weaker than for single-photon €xcitation.
C. 8S7/2 — 6D7/2° Transitions

Two-photon absprption was observed to all four crystal field levels of the 6D7,”
multiplet, Figure 6. Two of the transitions to the 6D7/2°(1) level could be identified as
originating from the two lowest levels of the ground multiplet. There was an additional

transition with a displacement of 9.1 cm-!, which probably originated from one or both of

11



the higher ground multiplet levels These three transitions had fitted linewidths of 4.8 cm-l.
Similarly, both the transitions between the two lowest ground multiplet levels and the
6D7/2°(2) level were identified. Again a third transition, with a displacement of 8.6 cm-1,
was also observed. The experimental and predicted polarization behavior of these

transitions are shown in Figure 7.

A broad line was observed to each of the 6D7/2"(3) and 6D7/°(4) levels. Neither of
these could be resolved sufficiently to distinguish components originating from the
different ground multiplet levels. Both of these exhibit rather isotropic polarization
behavior. The excitation power dependence was measured for these two lines. In both

cases there was a quadratic dependence, affirming their two-photon nature.

V. DISCUSSION

It is clear from Figures 2, 5, and 7 that for most of the TPA transitions studied the
calculated polarization behavior is very different from that measured experimentally, even
when third-order spin-orbit corrections are included. Varying the value of ¢ between 0°
and 45°, to account for any misalignment of the sample, would not result in better
agreement. The transitions 8S712(1) = *D1a(3), 8S72(2) = ®Psp(1), and ¥S70(1) —
6D7/2’(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 the I, — I', type and it is not surprising that inclusion of the
third-order contribution improves the agreement obtained, as the (ag )Srd scalar term should.
be important in this case. Similarly, the third-order correction improves significantly the

prediction for the 8S7,2(1) - 6D7/2(1) transition, which is also of this type.

12



Even more striking was the disagreement between the theoretical and experimentally
measured values for the relative intensities of the TPA transitions investigated. The
discrepancy was three orders of magnitude in some cases. Moreover, inclusion of the

third-order spin-orbit correction made the discrepancy worse in most cases.

Many of the Cm* TPA transitions investigated exhibit a significant isotropic
component in their intensities, apparently independent of 6, which is not predicted by either
the second- or third-order theories. Similar isotropy has been reported for Eu** TPA
transitions in Eu(OH), and Eu’**:LuPO, [17,18]. It was found that this isotropy could be
accounted for phenomenologically by adding a positive constant to the polarization
dependent functions for the TPA intensities. This would correspond to an additional
imaginary term in the transition matrix elements, which is independent of the polaﬂzation.

angles. Hence, these new polarization dependent functions for the Cm** ion have the form:

A + Bsin*0 + Csin®28 (for T, <> I, transitions)

A, + (B,cos’0 + C,)* + D,sin?20 (for T, > I, transitions),  (13)

where A, B, C, A,, B, ,C,, and D, are positive real-valued fitting parameters. Fits to these
modified functions are shown for the four 8S7/2 - 6D7,2 transitions in Figure 8. Of the
total of ten transitions investigated, all those whose calculated polarization behavior had
been in poor agreement with experiment exhibited comparatively good fits to these
modified functions. For the other three transitions the agreement with experiment was also
improved. Some of this improvement may be attributable to the fact that the parameters for
these functions were fitted to the experimental intensities, rather than calculated from the

wavefunctions of the crystal field states.

13



Other mechanisms may contribute to the Cm* TPA transitions, particularly that
arising from the third-order crystal field interaction. No third-order crystal field corrections
were calculated because the odd crystal field parameters qu are unknown. Such
mechanisms might be responsible for discrepancies between the measured and predicted
transition intensities. It is perhaps significant that the single-photon transitions were only

weakly polarized for Cm*" in LuPO, [2,3].
VI. CONCLUSIONS

Two-photon absorptioh transitions originating from the nominally ®S., ground
multiplet of Cm®* ions in LuPO, have been investigated. Measurement of transitions
between individual crystal field levels was possible due to the large 9.5 cm™ splitting of this
multiplet for the Cm* ion, compared to the splittings of less than 1 cm™ for the Gd™" and
Eu’* ions. The polarization dependencies of most of these transitions could not be
accounted for by the standard second-order theory, even when third-order corrections
involving spin-orbit interactions within the 5f °-6d lowest excited configuration are taken
into account. Addition of an imaginary constant in the expression for the amplitude
improved the agreement for all of the transitions investigated. The physical mechanism to
explain this additional contribution has not yet been identified. Better agreement with the
observed intensities might be obtained if the third-order crystal field corrections could be

calculated and included in the polarization dependent functions.
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FIGURE CAPTIONS

Figure 1. 6=0° and 6=90° polarized spectra of the TPA transitions to the 6D7,2 multiplet

obtained with the OPO.

Figure 2. Experimental polarization behavior (dots) of the 887/2 - 6D7/2 two-photon
absorption transitions. The second-order (dashed line) and combined second- and third-
order (solid line) calculated polarization dependencies are shown on different arbitrary

scales.

Figure 3. Single-photoh and two-photon absorption transitions to the four levels of the
6D7,2 multiplet. The single-photon excitation spectrum was interrupted near 16,525 cm’!
to avoid damaging the photo-multiplier tube, which was monitoring the overall 6D7,2 -

8S7,2 fluorescence.

Figure 4. 6=0° and 8=90° polarized spectra of the TPA transitions to the °Ps,, multiplet.
Figure 5. Experimental polarization behavior (dots) of the 887,2 - 6P5 /7 two-photon
absorption transitions. The second-order (dashed line) calculated polarization dependencies
are shown on different arbitrary scales. There are no third-order corrections for these two
transitions. |

Figure 6. 6=0° and 6=90°polarized spectra of the TPA transitions to the 6D7,2’ multiplet.

Figure 7. Experimental polarization behavior (dots) of the 8S7/2 - 6D—,/z’ two-photon

absorption transitions. The second-order (dashed line) and combined second- and third-
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order (solid line) calculated polarization dependencies are shown on different arbitrary

scales.
Figure 8. Modified polarization dependences (solid line), derived from transition matrix

elements which include an additional imaginary term, fitted to the experimental polarization

behavior (dots) of the 887/2 — 6D7/2 two-photon absorption transitions.

19



TABLES

Table I. Electronic wavefunctions for the crystal field states of Cm™ ions in LuPO,. Only

one of the two Kramers® doublet for each level is listed. The parameterized Hamiltonian

and the specific fitting procedure were described in references 2 and 3.

Experimental | Assignment | Wavefunction
Energy (cm™)
0.0 88, (D T, | -0.844 5S,,(7/2) - 0.403 °P,,,(7/2) + 0.088 *D,,(7/2)
-0.269 *S;5(-1/2) - 0.129 °P,5(-1/2) + 0.028 °D,5(-1/2)
3.5 8S7,2(2)' [ | 0.808 *S;,(5/2) + 0.386 °P,5(5/2) - 0.085 °D,,(5/2)
+0.363 °S,,(-3/2) + 0.173 °P;x(-3/2) - 0.038 °D;(-3/2)
8.1 8S.,(3) Ty | 0363 °S,5(5/2) + 0.173 *P;5(5/2) - 0.038 °D;,(5/2)
+0.808 °S,,,(-3/2) + 0.386 °P,,(-3/2) - 0.085 °D,(-3/2)
9.5 8S.,(4) T, | -0.269 °S,,(7/2) - 0.129 “P,5(7/2) + 0.028 *D,(7/2)
-0.844 *S;y(-1/2) - 0.403 °P,(-1/2) + 0.088 °Dyp5(-1/2)
16,528 D, ( 1) T, | 0.233 %S,,(7/2) - 0.252 °P,,(7/2) + 0.269 °D,,,(7/2)
+0.225 3S,,(-1/2) - 0.244 °P,5(-1/2) + 0.260 °D,(-1/2)
16,577 °D,,(2) Ty | 0.307 *S,(5/2) - 0.332 °P,5(5/2) + 0.354 °D,,(5/2)
+0.104 °S,,(-3/2) - 0.113 °P,,(-3/2) + 0.121 °D,;,(-3/2)
16,945 D, (3) I, |0225 8s,,;(7/2) - 0.244 °P,,(7/2) + 0.260 °D,,(7/2)
' -0.233 *S;(-1/2) + 0.252 *P(-1/2) - 0.269 °D,(-1/2)
17,122 *D.,(4) T, | 0.104 *S,,(5/2) - 0.113 °P;5(5/2) + 0.120 °D,5(5/2)
-0.306 *S,,(-3/2) + 0.332 °P,5(-3/2) - 0.354 °D,(-3/2)
19,778 P, (1) Ty | 0.449 Py5(5/2) - 0.389 *Dy,(5/2) + 0.158 *Fyp(5/2)

+0.152 ‘D64,(5/2) + 0.462 *Py5(-3/2) - 0.400 °Ds,5(-3/2)
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20,017

20,181

Psp(2) T

*Pya(3) T

+0.163 *Fypn(-3/2) + 0.157 “Dbn(-3/2)

-0.621 6P5,2(-1/2) +0.539 Dy, (-1/2) - 0.219 °Fypn(-1/2)
-0.211 “Dbgy(-1/2) - 0.028 *P.,,(7/2) + 0.030 °D,n(7/2)
- 0.038 ®S,,(-1/2) + 0.059 P,,(-1/2) +0.062 °D,p(-1/2)
-0.442 °P,5(5/2) + 0.384 *D(5/2) - 0.156 “Fy,(5/2)

- 0.150 “D64,x(5/2) + 0.446 °Ps(-3/2) - 0.387 *Dyn(-3/2)

+0.157 *Fs(-3/2) + 0.152 *D64,(-3/2)

27,875

27,899

27,998

28,022

D’.,(1) T,

D" (2) T,

D’,,(3) T

6Dl7/2(4) T,

-0.050 °P,,(5/2) - 0.063 *D,,(5/2) + 0.052 °F,,(5/2)
-0.041 °G,5(5/2) - 0.039 “D65,,(5/2) - 0.029 *D1,,,(5/2)
+0.360 °P,5(-3/2) + 0.45? D, (-3/2) - 0.378 *Fip(-312)
+0.299 °G,(-3/2) + 0.285 ‘D6,,(-3/2) + 0.213 “D1,,(-3/2)
0.187 °P,5(7/2) + 0.238 °D;5(7/2) - 0.197 °F,,(7/2)
+0.155 $Gyn(7/2) + 0.148 “D6,,(7/2) + 0.111 *D1,,(7/2)
-0.305 *P,,(-1/2) - 0.387 °D,p(-1/2) + 0.320 °F,,(-1/2)
-0.252 °Gyp(-1/2) - 0.241 “D6,,(-1/2) - 0.180 “D1,,(-1/2)
-0.362 °P,(5/2) - 0.459 °D,n(5/2) + 0.380 °F,5(5/2)
-0.300 °G,5(5/2) - 0.286 “D6,5(5/2) - 0.214 “D1,,(5/2)
-0.056 *P,5(-3/2) - 0.071 D,5(-3/2) + 0.058 °F,,(-3/2)
-0.046 °G,,(-3/2) -0.044 “D6,,,(-3/2) -0.033 “D1,,(-3/2)
-0.298 °P,x(7/2) - 0.378 °D,,(7/2) + 0.313 *F,,(7/2)
-0.247 °G,(712) - 0.235 “D6,(7/2) - 0.176 “D1,,(7/2)

-0.200 °P,5(-1/2) - 0.254 °D,(-1/2) + 0.210 °F,(-1/2)

-0.166 °G,(-1/2) - 0.158 *D6,,(-1/2) - 0.118 “D1,,(-1/2)
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Table II. Effective tensor operators for two-photon transitions of Cm** ions in D,,
symmetry.
Transition Operator :

1 o 3cos’@—1 ., €7°sin20 , €“sin20
eI, aWA=—ﬁaé)+Taé)— > o+ 5 4

1 o  3cos’8~1 ., €7%sin20 ., = e%sin20
el Cypp = _Tao + &y — o+ o,

3 V6 2 2

e?sin20 ,,  €%sin20 .,  €’sin’0 ,,  e¥sin’0
Ier, Orpa = ——5‘——051 5 % + 5 &, 5 -2
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Table III. Non-zero values of the ocqt parameters calculated for TPA transitions to the 6D7,2,

%P, ,, and °D),’ multiplets of Cm>* in LuPO, (¢ = 45°).

Transition (cm™)

Second Order (o' x 107)

Second and Third Order (o' x 107)

*Sn(1) = °Dyp(1)
*S1n(2) = “Dy(1)
*S2n(1) = °D,(2)
8852(1) = “Dy(3)

ae’=1.36

0,,°=0.655, 0.,"=1.67, 0ty;°=1.22
0,2=-0.226, 01.,%=-0.989, 01, %=2.01
0e’=2.09

0°=1.93, 0,s°=7.88
0,,°=0.929, 01.,°=2.36, 0s,°=1.73

| ’=-0.321, at.r’=-1.41, 0,,’=2.86

0 =2.96, 0 ’=3.91

5S,,(1) = °P,(1)
3S.,(2) = °P,,(1)

0,2=0.243, 0t,7=-1.27, 0.4,°=-0.960
0p?=1.53, 04 °=-0.568

0,7=0.298, 0t ,>=-1.55, 0., °=-1.18
0,’=1.88, 0,,°=-0.697

5Sn(1)= *D'p(1)
5822(2)— *D'3p(1)
58 7n(1)= °D’;5(2)
581n(2)= “D’15(2)

0,°=0.559, 0..,°=0.968, 0.1;°=-0.526
01y°=0.393, 0y ’= 1.59

0p’=1.38

0,°=0.637, 0.,°=0.990, o, = 1.21

0,7=0.710, 00.,°=1.23, 0y, ’=-0.668
01o2=0.502, 0,y ’=2.03, 0x,°=2.03
0o’=1.76, 0p’=-1.54

0,,°=0.812, at,°=1.26, 0ty ’=1.54
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Table IV: Calculated polarization dependencies of TPA intensities for transitions to the

Dy, ®Psp, and °Dop’ multiplets of Cm™ in LuPO, (¢=45°%),

Transition (cm™)

Second Order IanAIZX].OM

Second and Third Order loipal’x10'™

8S,(1) = °D, (1)
*S:(2) = Dp(1)
*S:n(1) = “Dyp(2)
5S1n(1) = °Dyy(3)

0.616 (3cos’6 - 1)°

0.511 sin*@ + 0.743 sin 26
0.29 sin*@ + 2.02 sin 226
1.45 (3cos’0 - 1)

| 11.1 (2.26 - cos°6)*

sin*6 + 1.50 sin 220
0.58 sin*0 + 4.09 sin 220
24.0 (1 - 1.06¢c0s’6)>

8S,5(1) = °P, (1)
Eism(z) — 6135/2(1)

1.14 sin*0 + 0.46 sin 226

0.784 (3cos’0 -1)* +0.161 sin 220

1.70 sin@ + 0.70 sin 220
1.18 (3cos’8 - 1)® + 0.24 sin 20

8S,0(1)—= °D’, (1)

0.084 sin®@ + 0.138 sin 226

0.135 sin*0 + 0.224 sin 26

8S,p(2)— D’,5(1) | 0.05 (3cos’0 - 1)*+ 1.26 sin 26 | 2.00 (0.61cos’6 - 1.38)” + 2.06 sin 226
35.,(1)—= *D’,(2) | 0.635 (3cos@ - 1) 9.24 (cos’0 + 0.080)
8S.,(2)— °D’,(2) | 0.062 sin*6 + 0.732 sin®26 0.10 sin*6 + 1.19 sin*26
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