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High-resolution measurements of the vacuum ultraviolet energy levels of trivalent gadolinium
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The energy levels of lanthanide ions have been studied in great detail in the energy range up to 40:000 cm
(250 nm. Recently an increased interest in the high energy levels between 40 000 and 70308asm
emerged, partly triggered by the need for new luminescent materials for vacuum ultrévid\éj excitation.

Using synchrotron radiation many new energy levels have been discovered for various lanthanide ions. How-
ever, the spectral resolution of a synchrotron is limited and to resolve the complete energy level structure
higher resolution tunable lasers are required. Unfortunately no high-resolution tunable lasers are available in
the VUV. To overcome this problem two-photon spectroscopy may be applied. In this paper resonant two-
photon spectroscopy is applied to measure the energy level structure 36fiGéluorides. Excited state
excitation(ESE from the6P7,2 level is shown to provide high-resolution spectra of the high energy levels of
Gd®*. The extension of the energy level structure is used to improve energy level calculations, which is
especially beneficial for Gd where only a limited number of energy levels is available from conventional
laser spectroscopy.
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[. INTRODUCTION second tunable laser is used to excite thé*Goh from the
6P7,2 state to a higher energy state. Commercially available
In the past decades the spectroscopic properties of thaser dyes allow excitation to levels up to approximately
trivalent gadolinium ion has been studied extensively usingg2 000 cm? for the trivalent gadolinium ion.
one-photon and two-photon excitation spectroscopy. As a re- For a high resolution measurement in {MUV region of
sult, the positions of the energy levels up to 40 000cin  the spectrum nonlinear two-photon excitation can be used,
several host-lattices are known very accurately'The pa-  where two lower energy photons from one tunable laser are
rameters required for energy level calculations are obtainedbsorbed to excite into th@/)UV levels of gadolinium at
by fitting the calculated levels to experimental valééJhis  twice the photon energy. Due to the inversion of the parity
works well for the lower energy levels, but to accurately selection rule(intraconfigurational #— 4f" transitions be-
calculate the higher energy levels of gadolinium situated ircome parity-allowed and interconfigurationai”4- 4f"-15d
the vacuum ultravioletVUV, >50 000 cm') experimental transitions become parity-forbiddethis technique is very
values from that spectral region are required. useful to study #" energy levels that are obscured by the
Recently many of the VUV levels of gadolinium have strong parity allowed #— 4f""15d absorption band and has
been measured using synchrotron radidtiont the spectral been used to study thefUlevels of EG* in detail®* The
resolution of these experiments is not high enough to resolvdisadvantage of this technique is that it is very sensitive to
the splitting of several multiplets into all crystal field com- impurities in the samples due to the very low transition prob-
ponents and therefore an unambiguous assignment of meabilities for the nonlinear two-photon excitation process. The
sured energy levels to the calculated levels is not possible.probability for resonant two-photon absorption involving an
To obtain higher resolution spectra in the UV and VUV aimpurity ion is several orders of magnitude higher than the
laser is required, but unfortunately no high-resolution tun-probability of two-photon excitation. The method of excited
able VUV lasers exist at the moment. To overcome this probstate excitation does not suffer from this problem since the
lem, excited state excitation or two-photon excitation meafirst excitation step is very specific for the ion to be probed.
surements can be used to probe the VUV levels with the higln this contribution we present our results using the tech-
resolution required to resolve individual crystal field levels.nique of excited state excitation to measure high energy lev-
In the case of excited state excitation, two tunable lasers ar@s of G&* in LaF;. It is shown that excited state excitation
used simultaneously and the gadolinium ion is excited in twacan be applied to measure the energies of tHelevels in
steps. The first excitation is at a fixed energy exciting thethe VUV with high accuracy~1 cnil). Better knowledge
Gd** ion into the®P,,, level at about 32 200 cr, while the  of these levels is used to improve calculation parameters.
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II. EXCITED STATE EXCITATION

|

) 50 1
In order to measure and resolve all crystal field compo- : °G

n_ent.s within the ﬂ_f” confi_guration of Ianthani_de iqns an ex- | o ‘¢
citation source with a high spectral resoluti@gpically in

the order of 1 ciit, the inhomogeneous linewidthis re- 40
quired. Since these transitions are parity-forbidden, also a Y
high intensity is needed. Tunable dye lasers meet these cri- | — |
teria and have been used since the 1970s to resolve the en-
ergy level structure of lanthanide ions in the near-infrared,
visible and ultraviolet in a wide variety of crystals. Unfortu-
nately there are no high-resolution tunable lasers in the VUV
yet, so one photon absorption is not an option to measure the
high 4f" energy levels of lanthanide ions. Synchrotrons do
provide a high intensity and tunable VUV excitation source,
but the resolution of a typical 1 m monochromator is about 1) (4)
0.3 A (~10 cni? in the spectral region between 150 and

200 nm which is not enough to resolve all crystal field lev- 10
els. Nevertheless, the highest resolution excitation spectra in

the VUV have been recorded using synchrotron radidtiéh.

The use of excited state excitation, using tunable dye lasers

with a resolution better than 1 ¢ offers the possibility to 0- ’S
study the VUV levels of lanthanide ions with sufficient reso- Gd”*
lution to resolve all crystal field components.

In contrast with direct two-photon absorption, excited FIG. 1. Energy level scheme showing free-ion levels foﬁ’_Gd
state excitation involves no virtual intermediate state. |n-UP to 55000 critt with arrows indicating the transitions for excited
stead, the ion under investigation is excited to a metastabfgate excitation(1) Excitation into theGZg,z level, (2) excitation
intermediate energy level, followed by a second excitation td!sihd a tuqaple lase(3) Elaxatlon o the'ly, level, and(4) anti-
higher energy levels. Next, multiphonon relaxation occursStOKeS emission from thd,, level.
until an emitting level, having an energy gap to the next
lower level of more than 4 to 5 times the maximum phonon IIl. EXPERIMENT
energy of that lattice, is reached and emission from this level A. Sample preparation
is observed. When the emitting level is situated above the ) ,
first metastable level, anti-Stokes emission is observed when A Single crystal of Lak doped with 0.5% G was _
excited state excitation takes place. grown in a Philips PH 1006/13 high-frequency furnace using

The trivalent gadolinium ion has a suitable energy levelt® vertical Bridgman method. A slice of approximately
scheme for excited state excitation measureméses Fig. 7 mm in diameter and with a thickness of 2 mm was cut and
1). First, excitation around 310 nm brings the ion to tRe,,  PClished and glued to a copper sample holder.
state. After absorption of a second photon dpdssibly _ o
multiphonon relaxation, emission occurs from the,,, B. Excited state excitation
®Dy/, and®G,, levels at, respectively, 272 nm, 252 nm, and  Excited state excitation measurements were performed at
203 nm. Detection of one of these three anti-Stokes emisapproximately 10 K using an Air Products APC HC-2 cold
sions can then be used as a probe for excited state excitatiofinger type closed cycle cryostat fitted with quartz windows.

Excited state excitation measurements have some advarmhe experimental setup for ESE consisted of two tunable
tages compared to two-photon excitation. First, the transitionasers. The first was a Spectra-Physics PDL3 dye laser
probabilities are higher as the oscillator strength is about §umped by a frequency doubled Spectra-Physics Quanta Ray
orders of magnitude higher. Second, impurities are less of Nd:YAG laser operating at 15 Hz. A Rhodamine B laser dye
problem when the ion under investigation is being excitedsolution was used to obtain a laser tunable around 620 nm.
selectively. Tuning of the first excitation laser to an energyThis red laser beam was frequency doubled to a UV laser to
that corresponds to a resonant transition of thé*Gah (in a wavelength around 310 nm by a Spectra-Physics wave-
Fig. 1(a) °S;,— °P,, transition gives the two-photon exci- length extender with KDP crystals. For all ESE spectra re-
tation process for the Gtlion a strong enhancement over ported in this paper, the wavelength of this laser was fixed at
undesired two-photon excitation processes involving impuri310.25 nm, corresponding to the transition of tA®,,
ties or defects. ground state to the highest crystal field component of the

In the case of gadolinium another advantage is that thép. , level. The second laser used was a Lambda Physik LPD
first excited state®P,,,) is a spin sextet. Transitions to the 3002 Dye laser which was pumped with a Lambda Physik
higher sextets and quartets have a higher transition probabil-PX 100 XeCl excimer laser. This laser was used to scan a
ity than transitions to these states starting from the &g  wavelength range determined by the dyes used. In Table | an
ground state of GH. overview of the various dyes is given together with the en-
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TABLE I. Laser dyes used for excited state excitation measure- TABLE Il. Free-ion and crystal field parameters for laBd®*
ments. The excitation region that is reached by the sum of théased on fitting the lower energ@V) levels of Gd*. The left
energies of the UV lase(310 nm and the second dye laser is column shows the parameters reported by Caetadl. (Ref. 2 and

indicated in the last column. the right column shows the parameters obtained by fitting to the
experimental energy levels reported by Carnall for :aF* as
Wavelength Excitation described in the text. Parameters for which no uncertainty is given
Dye (nm) region (cm ) were not varied.
Rhodamine 6G 570-600 48900-49700 carnall New fit
Coumarine 153 520-580 49400-51400 Parameter value (cm™1) value (cm™1)
Coumarine 307 470-540 50700-53500
Coumarine 120 430-470 53500-55500 E";‘f 8566417 :;2;;3
Bis-MSB 403-436 55100-57000 4 60825 610189
PBBO 388-420 56000-58000 Fs 4477624) 4474525)
BiBuQ 375-390 57800-58800
DMQ 350-385 58100-60700 “« 18.920.83 19.140.19
PTP 340-355 6040061600 A ~600 ~600
y 1575 1575
T2 300 300
ergy range that can be probed by ESE from%Rg, level. A L 42 42
Stanford Research Systems DG535 digital delay/pulse gen- T 62 62
erator was used to trigger the YAG laser and excimer laser T6 -205 -205
with a delay of 10us. Both laser beams were focussed on T7 350 350
the same spot in the crystal using mirrors and lenses. The 18 310 310

emission from the crystal was collected using a Hamamatsu

R7154 solar blind photomultiplier tube, which was cooled to g’o 15082) 14992)
—30 °C. Various band and interference filters were used to M 3.220.2 3.200.03
block any light within the wavelength range of the excitation M? 0.56m° 0.56m°
sources. The spectra obtained were corrected for the intensity M4 0.31M° 0.31M°
of the dye laser using dye output spectra recorded with a 2 676(75) 676
power meter. p4 0.5P2 0.5P2
pe 0.1P? 0.1P?
B2 -231 -21214)
IV. RESULTS AND DISCUSSION Bé 604 57940)
This section describes the excited state excitation spectra BS 280 29222
and the assignment of the experimentally observed energy B3 -99 0.4283
levels to an energy level scheme calculated fo? ‘Gl LaF;. B2 340 0.5628
For a recent detailed description of the Hamiltonian and the B 452 0.7488%
calculation program that was used, see Ref. 12. The calcu- . 2
lated energy level scheme is based on the parameter values B2 72l ~2.578,
6 6
listed by Carnalkt al? based on 70 experimentally observed Bg ~204 _0'7282
energy levels in the energy region up to 50 000 tnin Bs —509 -1.8178,
Carnall’'s energy level fittings, thB'é crystal field parameter N 70 70
values were not varied, but were fixed at the parameter val- o 10 8
ues for terbium. In order to make a comparison of parameter rms 9 7
values based on fitting of the lower enerd@yV) levels with
the parameter values obtained from fittings including the
VUV energy levels possible, we refitted the data of Caregll A. Excited state excitation spectra
al. We performed a least squares fitting of #gfor all 70
experimentally observed levels up to 50 000 ¢éras listed A typical example of an excited state excitation spectrum

by Carnallet al. Only the cylindrically symmetricBS’s were is shown in Fig. 2. This spectrum shows absorptions to the
allowed to vary, the other crystal field parameters were keptour crystal field levels of théD(6)-,, state and the absorp-
at fixed (terbium ratios to theBE values. Using 70 data tion to theGFl,2 level, which cannot be split by the crystal
points and varying 10 parameters a fit with a standard deviafield becausd=1/2. In thespectrum in Fig. 2 more than the
tion of 8.0 cm! was obtained. As expected, the quality of five expected transitions are observed. Upon excitation into
the fit has improvedsmaller o and rm$ by allowing the the 6P7,2 multiplet, fast relaxation to the lowest crystal field
variation of theB‘g parameter values. All parameter valueslevel occurs. The other three crystal field levels are thermally
are listed together with their uncertainties in Table II. populated according to a Boltzmann distribution. Especially
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Energy (cm’)

FIG. 2. Excited state excitation spectrum of t{(6),,, and

°F, , levels of Lak: Gd®* monitoring®l,,, emission at 10 K. FIG. 3. Excit_ed _stat6e excitgtio_n spectrum of fi@, ,, levels of
LaF;: Gd®* monitoring °I,;, emission at 10 K. The inset shows a

the second level, which is situated only 8 ¢mabove the magnified view of the region 51 23051 350 tm

lowest level(in LaFy), is still considerably populate®@4%)  energy of the lowestP;,, level to the energies of the peaks
at a temperature of 10 K. in the excited state excitation spectrum that corresponds
The population of the higher crystal field levels gives riseto excited state excitation from the lowe$P,,, level
to more absorption lines in the excited state excitation spea:32 182 cm?). In all excited state excitation spectra shown
trum, since excitations from the thermally populated levelsin this paper, this energy has been added to the values on the
can also occur. This results in extra absorption lines at energy-axis.
separations equal to the splitting of tﬂém levels. In some All  experimentally observed energies are around
cases it is easy to recognize the difference between the<® to 100 cmi* higher compared to the calculated energies.
transitions since the energy separations betweenelﬂ:;% This clearly shows that there is a mismatch between experi-
levels are known exactly. If the energy levels are closer toment and calculation for the higher energy levels when only
gether than about 50 crhwhich is the total splitting of the a set of low energy levels is used to fit the parameters. Al-
°p,,, levels, absorption peaks will overlap and the spectrghough there is a significant difference between the calcu-
should be interpreted more carefully. Although the populalated and observed energies, assignment of these levels is
tions of the four®P,, levels can be estimated using a still possible since there is an energy gap of 1000%m
Boltzmann-distribution, it is not possible to relate this to theabove and below these levels.
relative absorption intensities since they also depend on sym- A second effect, besides the observation of more lines due
metry and polarization. This is clearly visible for the absorp-to thermal population of théP,,, crystal field components,
tion to the®F,, level at about 52 800 crh, where the tran-  that complicates the determination of all VUV energy levels
sition originating from the secontP,,, crystal field level is from the excited state excitation spectra is broadening of
the most intense transition. In Table Ill the experimental ensome of the absorption peaks. This is clearly visible in the
ergies of thé'D(6);,, and®F, levels are listed together with spectrum shown in Fig. 3 which shows all seven crystal field
the calculated energies adl; values for these levels using levels of the’G, 5, multiplet. The broadening in the spectrum
parameters from Table Il. As the calculated energy levelds probably caused by lifetime broadening due to fast relax-
contain contributions of wave functions of several states, th@tion, which is expected when there are energy levels below
M; value having the largest contribution is listed. The experi-the one investigated at energy separations of approximately
mental energies of the levels were determined by adding th&€00—350 c*. The relaxation rate, at low temperatures, is
due to a phonon emission process. The highest relaxation
TABLE IIl. Experimentally observed and calculated energies offates are for one-phonon emission. The rate is dependent on
the *D(6)/, and®F, levels of G&" in LaF;. The calculations are the density of states in the phonon spectrum. The phonon
based on the new fit parameters from Table II. density of states increases with enetgythe Debye model
the density of states is proportionaldd) which explains the

Egxp Ecaic  Eexp—Ecalc lower limit of 100 cnt™. The phonon cutoff energy in LaF
Energy level M, (cm™d)  (cm (cm™) is about 350 crmt. For bridging energy gaps higher than
. 350 cmi! multiphonon emission processes are involved
4D(6)7/2 t5/2 52396 52356 40 which have lower rates. A more quantitative analysis of the
D(6)7/ +3/2 52436 52370 66 linewidth is beyond the scope of the present work. The
D(6)7, +1/2 52541 52490 51 broadening effect is illustrated in Fig. 3, where the lowest
*D(6)7, +7/2 52617 52554 63 crystal field level of the®G,;, multiplet is observed at
F, +1/2 52835 52729 106 51 280 cm®. Broadening of the absorption peaks is expected

starting at about 51 400 ¢t which is observed in the spec-
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TABLE IV. Experimentally observed and calculated energies of
the severfG, ,, levels of G&* in LaF,. For the calculation the new
fit parameters from Table Il were used. The crystal field levels of

the °P,,, multiplet from which the absorption originates is also =
indicated, where number 1 indicates the lowest level. g
s
Eexp Ecaic °p., )
6G, 4, level (em™) (cm™) origin z
[=}
1 51232 4 E
1 51260 3
1 51274 2
1 51283 51269 1
2 51288 4 T T T T T T T T T
3 51310 4 57000 57200 57400 57600 57800
Energy (cm™)
2 51316 3
2 51331 2 FIG. 4. Excited state excitation spectrum of La6d®* in the
2 51339 51319 1 region 56 900—57 900 cm monitoringﬁlw2 emission at 10 K. Two
3 51352 2 different laser dyes were used for recording this spectrum with an
3 51361 51346 1 overlap around 57 300 cth
4 51371 3 is labeled by the term symbol for the state with the largest
4 51385 2 contribution.
Figure 4 shows the ESE spectrum for the region
: 2533 21366 21 56 900-57 900 cnt. In the region 57 450-57 820 ¢i16
levels are calculated for which the two largest contributions
5 51410 51385 1 are from spin quartet states. Only some weak absorptions are
6 51423 3 observed, and it is not possible to assign these to specific
6 51438 2 calculated energy levels. The low intensities of the absorp-
6 51447 51400 1 tion peaks in this region is related to the quartet spin char-
7 51481 3 acter of the final states. Also for the region
7 51496 5 56 900—57 000 cnt levels with a considerable sextet char-
. 51503 51450 1 acter are calculated and observed.

In lanthanide spectroscopyis a better quantum number
andJ-selection rules apply. For electric dipole transitiank
trum. In Table IV the experimentally determined energies arés limited to a maximum of +6. This means that electric
listed together with the calculated energies fori6g,,,lev-  dipole transitions originating from tHP.,,, state are allowed
els using parameters from Table Il. The line broadeningup to levels with aJ of 19/2. The levels with the highest
causes a weaker maximum absorption and overlapping 9évels for Gd* are the’Q,,, and°Q,s, level. These levels

absorption peaks which hampers the observation and assiggannot be observed, due toAd of 8 or 9 and a change in
ment of many transitions, especially in the energy regiongpin of 2.

above 55 000 cnt. The assignments in Table IV are based
on the observation of the splitting pattern of t‘f“l%w2 level
from which excitation occurs. The difference between calcu-
lated and experimental energies increases going from the~
lowest to the highest multiplet level.
Another phenomenon that influences absorption intensi- &
ties is the spin selection rule. The excited state from which £
excited state excitation occut®-,,) is a spin sextet. Tran-
sitions to other sextets are spin-allowed and are more intenst
than transitions to spin-quartet levels, and transitions to spin-
doublet levels are expected to be too weak to be observed. A
energies of 55900 cr and higher spin quartet levels are
calculated, above 67 000 Cfnspin doublet states are also
calculated. For Ia.nthan.|de ions the spin selgcuon rule is lifted 50750 39775 59800 59825 59850 59875 59900 59925 39950
by the strong spin-orbit coupling which mixes states of the Energy (cm)
samel value but with different spin multiplicity. As a result,
the influence of the spin selection rule is a general trend FIG. 5. Excited state excitation spectrum of fitg, 5, multiplet
while for a better understanding of the intensities it is necesin LaF;:Gd®* in the region 59 750—59 950 ¢fhmonitoring °l5,,
sary to consider all states contributing to a certain level thaemission at 10 K.

units

arb

Intensity
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TABLE V. Experimentally observed and calculated energies of TABLE VI. Experimentally observed and calculated energies of
the 6H13,2 levels of Gd* in LaF,. The calculations are based on the the *F(4)q,, and *F(4), levels of G&* in LaF;. The calculations

new fit parameters from Table II. are based on the new fit parameters from Table II.
Eexp Ecaic Eexp—Ecalc Eexp Ecaic  Eexp~Ecaic

M; (ecm™ (em™ (cm™) Energy level M, (em™ (em™ (em™
+13/2 59781 59658 123 YE(8)gs +7/2 60927 60773 154
+7/2 59804 59679 125 4F(4)9/2 +5/2 60964 60839 125
+5/2 59815 59699 116 YE(B)gs +1/2 61016 60860 156
+1/2 59836 59708 128 4F(4)9/2 +3/2 61075 60921 154
+11/2 59849 59721 128 4F(4)9/2 +9/2 61088 60944 144
+9/2 59895 59763 132 4F(4)7/2 +5/2 61334 61208 126
+3/2 59933 59798 135 4F(4)7/2 +7/2 61344 61213 131
*E(4) 1) +1/2 61365 61226 139

*E(4) ) +3/2 61388 61245 143

Since not all energy levels could be assigned, especially
for the levels above 54 000 ¢hit was not possible to in-
clude all levels in the fitting of the energy levels in order to
obtain new parameter values. Energy levels could only b
assigned unambiguously if all crystal field levels of an iso-

lated multiplet were observed. As an example, Fig. 5 show e UV dyes could not be measured and the intensity of the

the absorptions of théH,,,, multiplet, for which all seven X .
crystal field levels are observed. The calculated and experllgSE spectrum in the region above 57 000 trhas been

mentally obtained energies of tﬁb‘lg/z levels are listed in scaled to the efficiencies of the dyes used. This results in an

. . gstimated error in intensity of 10% to 20%. Furthermore,
Table V. The difference between experimental and calculateSome wavelenath regions were obtained using the same dve
energies varies between 115 and 135 rithis indicates a 9 9 9 ye

shift of the whole multiplet, while the crystal field splitting is °Ut With @ different grating order of the laser. This leads to

good.

The highest two multiplets observed are fifé4),,, and Calculation
“F(4);, levels in the region 60900 to 61 400 th The
spectrum in Fig. 6 shows all crystal field levels and their
energies, which are collected in Table VI.

In the next section the fitting procedure will be discussed
leading to improved parameter values by including the pres-
ently observed high energyvUV) levels of Gd* in LaF.

The lower spectrum in Fig. 7 shows the excited state ex-
citation spectrum for the complete range of dyes used. The
energy on the horizontal axis is the energy at which excited

gnergy of the Iowes‘iPw2 level. The spectrum has been cor-
fected for the laser intensity using correction files recorded
or each dye. The spectra for correction for the intensity of

state excitation peaks are observed added to 32 182, tne :v;?
,.g Experiment
&
~—~ ‘Q
z 2
5 2
< A=
8
=y
(7]
g
60900 60925 60950 60975 61000 61025 61050 61075 61100
A A T T T T T T T T T T T T
) " T " T " T " J 49 50 51 52 53 54 55 56 57 58 59 60 61 62
60600 60800 61000 61200 61400 34
Energy (cm’ ) Energy (10" cm )
FIG. 6. Excited state excitation spectrum of tf&(4)o,, and FIG. 7. Calculated and experimentally observed excited state
“F(4);, multiplets in LaRy: Gd** in the region 60 900—61 400 ¢th  excitation spectra of LafFGd®* monitoring ®l,, emission at 10 K
monitoring 6|7,2 emission at 10 K. for the completgcorrectedl dye range of 49 000—62 000 chn
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and defect absorption bands in the VUV. In the one-photon
excitation spectrum the excitation lines that can be observed
do coincide with the stronger excitation lines in the excited

state excitation spectrum.

B. Fitting of parameters values

There is a clear difference between the calculated and
observed energies. The energy difference ranges from
~100 cnm? for the lower energy VUV levels to 180 crhfor
the highest energy levels. Clearly, the parameter values ob-
tained from the lower energy level fitting need to be im-
proved to explain the positions of the high energy levels. To

Intensity (arb. units)

50000 52000 54000 5660(_)1 | 58000 60000 62000 do this, the experimentally observed high energy levels are
Energy (cm ) used to determine new and better parameter values. The fit-
ting procedure for the higher energy levels is, however, not

FIG. 8. Excitation spectrum of LaFGd®* 0.5% crystal re-

corded at the DESY synchrotron monitorif#g,,, emission at 10 K. straightforward.

Although many energy levels were obtained by experi-
small discrepancies in intensity and causes the small shifts ghent, not all of them can be used in the parameter fitting
baseline in the spectrum. procedure. Experimentally obtained energies have to be
The upper spectrum in Fig. 7 shows the calculated excitetinked to specific energy levels in the calculation. Since the
state excitation spectrum in the same energy range based energy difference between the calculation based on Carnall’s
the newly fitted parameter values. Section IV B will discussparameters and experiment increases when going to higher
the fitting method used. For the simulated spectrum the temenergies, assignment of a single level that matches in energy
perature has been set to 10 K and a linewidth of 1.5'cm with a calculated energy level may not correspond to a cor-
was chosen. rect assignment and could cause the fit to shift into the wrong
The general agreement between the calculated spectrudirection.
and the observed spectrum is good. The strong lines in the Whenever possible complete multiplets have to be as-
calculated spectrum show up as strong lines in the expersigned. In the region 49 000—62 000 Crthe density of lev-
ment and lines for which a small intensity is calculated areels is still low enough to have energy gaps of about
weak or not observed. However, not all experimentally 0b-1000 cm* which facilitates the correct assignment of com-
served absorption intensities show a good agreement withlete multiplets. Unfortunately, due to the broadening of lev-
the intensities in the calculated spectrum. Some of the alkels or the occurrence of overlapping absorptions it was not
sorption lines are broadened, while in the calculated spealways possible to assign a complete multiplet unambigu-
trum the same linewidth is given to every absorption lineously. Overlap of multiplets also occurs in the calculated
leading to(peak-intensities that are higher in the calculation energy levels, which renders assignment difficult.
than in the experiment. This can explain why the peak inten- In order to extract new, and better, parameters describing
sity for the broadened lines just below 50 000 ¢ns lower  the energy level structure for &tlin LaF; it is important to
than for the sharp lines in the calculated spectrum for thisarefully choose the energy levels that can be assigned un-
spectral region. The calculated intensity of the absorptiorambiguously. Following the reasoning discussed above, 83
lines around 50500 cmh and 57 250 crit is remarkably levels in the vacuum ultraviolet that were resolved by excited
lower than the experimental intensity. Also, the absorptiorstate excitation were used in the fitting procedure.
lines around 61 400 cth are lower in the calculation when A second choice concerns the parameters that can vary in
compared to the experimentally observed intensities. Thesthe fitting procedure. Allowing all parameters to vary freely
differences may be caused to some extent by a wrong cooften results in values that are not meaningfilg., wrong
rection file for the output of the dye laser, especially for thesign). To avoid this, the number of parameters needs to be
UV region, where we used the relative efficiencies of thelimited to parameters that have a clear influence on the en-
dyes as a correction factor. The discrepancy between the cargy levels studied and fix the ratio of other parameters to
culated and observed intensities for some of the lines is toestablished ratios.
large to be explained by correction errors for the dye laser First we consider the three-body interaction paraméfers
intensities. Further improvements in the model used may refhe Crosswhite input filéd for the energy level program
solve the discrepancy. contain the matrix elements of the three electron operators
For comparison, Fig. 8 shows the one-photon excitatiort;,'4 and other electronic free-ion operators. The diagonal el-
spectrum of the same crystal of LalBd®* 0.5% recorded at ements were all zero except for the elementst,oflf no
the DESY synchrotron, monitorirfP,,, emission at 311 nm. mixing of states would occuiT? would be the only three-
In this spectrum only groups of energy levels can be obbody interaction parameter having effect on the energies.
served, the individual splitting by the crystal field cannot beSince mixing of states cannot be neglected, the off-diagonal
resolved. The poor resolution and low signal to noise ratio irelements for the three-electron operators should be taken into
this spectrum is related to the low &doncentratior{0.5%) account. This is more complicated, especially because of the
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large number of levels that have the sadealue that can For the crystal field parameterﬁg (in Wybourne

mix with each other. To get an impression of the relativenormalization'® the values ok are restricted to 2, 4, and 6
influence of theT" parameters on the energies, the free-ionfor 4f-electron configurations. F@,,, which is the effective
levels of gadolinium were calculated while the value of eachsite symmetry used for Laf the restrictions forq are g
one of the six three-body interaction parameters was in=even and 8 g=<Kk. In our calculations th&€, site symme-
creased separately by 20 ¢nin Fig. 9 the change in energy try is approximated byC,, by constraining all of the crystal
of the free ion levels is plotted against the free ion energyiield parameters to be real. This approximation has an ex-
level number. The vertical scale was set the same for eadnemely small effect on the energy levels and is almost uni-
plot to facilitate comparison. versally adoptedlin fitting spectra in Lak: In fact, it is very

In our measurements the energy levels up to number 5difficult to obtain consistent values of crystal field param-
[the “F(4);,, level around 61 300 cm] were probed using eters if the fullC, symmetry is consideretf. Besides this
excited state excitation. For these levels ofiff shows a one-electron crystal field interaction we also included two-
large influence on nearly all the calculated energies, whereasectron correlation crystal field parameté)§ It is known
for all other T' parameters the energies of the levels up tofor certain lanthanide ions like Prthat the one-electron
level 52 are not affected by the change in the valueTor crystal field parametrization gives an accurate description of
{except for T® which gives a significant change in energy the crystal field levels for most multiplets, but not for all of
only for levels 32[*H(2),,,] and 34[*H(2),3,]}. Based on them?’ The inclusion of two-electron correlated crystal field
this, it is reasonable to only alloW? to vary in the energy interaction was shown to improve the calculated splitting of
level fitting while keeping the otheF’s at constant values. the anomalously behaving multipléfs.We included the
The only way to fit the values of th&® up to T® for gado-  delta-function correlated crystal field paramet&$ for k
linium in order to obtain more accurate values would be to=2, 4, and 6 using the delta functions as reported by Lo and
include even higher energy levels. Starting at about free iofRReid1°
level 100 theT3, T4, and T® parameters have enough influ-  In addition, for the preliminary calculation, not all param-
ence on the energy to fit them to experimental data. Howeters were allowed to vary at the same time. When starting
ever, these levels are situated at 73 000'camd higher and  with initial parameter values that are far from equilibrium,
have never been reported for ¥dn LaF;. The density of not putting any restraints on the parameter values may result
levels is high at this energy, and energy differences betweeim parameter values that have the wrong sign or order of
consecutive levels are generally about 10tnfFast relax- magnitude and therefore have lost physical meaning. Ini-
ation will broaden these levels in such an extent that assigrtially, only the free-ion parameters were allowed to vary and
ment of these levels will be impossible. Moreover, at thesdhe crystal field parameters were set to the values listed in
energies most energy levels are spin quartet and doubldable Il which were obtained by fitting to the energy levels
states. Therefore it does not appear to be possible to improwgp to 50 000 cm' reported by Carnalkt al? The new set of
the values ofT® to T® for gadolinium. free-ion parameters thus obtained was used as a basis for a

The higher order magnetic interaction parametdrand  second fitting procedure in which the crystal field parameters
P were allowed to vary. Following standard conventidhe  were varied. Finally, a fit in which all parameters were al-
M2 andM* were kept at fixed ratios of 0.56 and 0.31M9,  lowed to vary freely(exceptT? to T8 which were fixed and
the same was done with* and P® with respect toP? with M2, M*, P?# andP® set to the ratios mentioned aboweas
ratios of 0.5 and 0.1, respectivély. performed.
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TABLE VII. Free-ion and crystal-field parameters for  The quality of the fits for either the higher energy levels
LaF;: Gd®*. Parameters for which no uncertainty is given were notor the lower energy levels is very good which is demon-
varied. The number of dath, standard deviation and root mean strated by the small root mean square deviation and standard

square deviation are given at the bottom of the table. deviation for these fitéaround 10 crmt). For the fit includ-
ing all energy levels the agreement is not as good which is
All data Carnall's data ~ Presentdata  not only clear from the higher numbers forand rms but
value value value also from the fact that the ground state is calculated at
Parameter (cm™) (cm™) (cm™) -108 cm! with the parameters in the first column in Table
Enve 880257) 8781710) 879895) VII. The origin fqr'the discrepanpy between the parameters
F2 8606567) 8559218) 8579882) obtalne_d from fitting the exp(_arlme_ntally observed -energy
F4 6149995) 6101529 61524103 levels in the two s_pectral regions is not clear. Cahbr_atlon
errors of the experimental setups can be excluded. With the
Fe 44837116) 4474525) 44633137 dye laser used here for measuring the VUV energy levels of
@ 19.330.17) 19.130.09 18.970.19 G by excited state excitation we also measured the UV
B -528(26) -600 -52023) levels for G&* in LaF; using one-photon and two-photon
y 145024) 1575 149023 excitation. Our experiments give energies for the UV levels
T2 26319) 300 288 that agree within approximatelyll P with th_e values
1 a2 42 42 found by Carnallet al? and also with the energies reported
4 by Downer obtained by two-photon experiments on
T 62 62 62 N G+3
LaF;:Gd®*3,
Te —295 —295 —295 At this point it is only possible to speculate about the
T 350 350 350 origin of the discrepancy. Possibly the strong intermixing of
T8 310 310 310 states in the VUV region, where there is an overlap between
L 15162) 14992) 15172) many closely spaced multiplets, is not well reproduced by
MO 2.850.12 3.2000.03 2.750.29 the presently used model and further refinement of the model
P2 53837) 676 52@51) )
Bé -22336) -21214) -19832) 61 i i
Bé 622171 57940) 90996) | _ _
BS 441(143 29222 14389 60— H{—— A
B3 -92(27) 0.428@3 -11719) 1
B3 217093 0.562%B 19382) 591 y P
B 556(95) 0.748B; 34388) 58—- ] [ ]
BS -72089) -2.578; -891(60) ]
BS -331(86) -0.728@5 -15389) 57 | — |
Be -598103 -1.8178; -52087) ]
D3 1.020.89 1.291.57) g 56 .
D4 -3.010.93 -2.530.99 W2
DS ~0.460.55 -0.220.45) 2 551 -
N 133 70 83 S ]
o 16.1 8.0 11.2 2 341 y y
rms 14.6 7.4 10.1 s 53_' ] ]
On the basis of the newly observed energy levels in the 52 4 . .
VUV two fittings were done following the strategy discussed e  {__
above, in addition to the fit based on the UV energy levels 514 . -
reported by Carnalkt al. The resulting sets of parameters ] |
and their uncertainties are collected in Table VII. In the first 50 4 4
column the parameters are given based on fitting all 133 I——E——
experimentally observed levels. The levels included are the qgol=7— 1= 1=
levels up to 49 000 cit as reported by Carnaét al? and Carnall Experiment  New Calc
the presently reported VUV energy levels. The quality of the
fit is reflected by the standard deviatior(16 cni*) and root FIG. 10. Calculated and experimentally observed energy levels

mean square deviatioi14.6 cm!). The second column for G in LaF, using excited state excitation. The left column
gives the parameters obtained for the best fit for the loweghows the energies calculated using the parameters by Catraall
energy levels(up to 49 000 crit) while the third column  (Ref. 2, the middle column displays all experimentally observed
contains the values for the parameters obtained by fitting thenergy levels and the right column shows the energy level diagram
high energy(VUV) levels. with the new fit parameters.
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is required. This may also explain some of the differencedevels that are calculated in the energy region around 57 700
observed between the calculated and experimentally oband 60 400 cm' are not observed in the experiment.
served intensities for transitions in the VU¥ee Fig. 7.

The agreement between the calculated V_UV energy levels V. CONCLUSIONS
and the experimentally observed energies is good when the
parameter values from the new fit are used. In Fig. 10 this is Excited state excitation is shown to be a viable method to
illustrated. In this figure the calculated energy level schemeneasure the energy levels of lanthanide ions in the vacuum
for G in LaF; is shown for both sets of parameters to- ultraviolet region with a high accuracy. For &din LaF;
gether with all experimentally observed energy levels, in-many VUV levels up to 62 000 c are reported with a
cluding the energy levels that have not been used in theesolution of ~1 cnil. The energy levels measured were
fitting of the parameters. The agreement between the experiised as a basis for the determination of more accurate pa-
mentally observed levels and the energy level structure cakameter values for the energy level structure o 3d LaF;.
culated with the new set of fitting parametégsven in the It was not possible to obtain a parameter set that gives a
third column of Table VI) is very good while the energy good agreement for both the lower energy UV lev@islow
level structure based on calculations with the parameterS0 000 cm?) and the presently obtained VUV levels. Inten-
from fitting of the data reported by Carnat al. (given in  sity calculations reproduce the observed line strengths for
the second column of Table VJitannot explain the observed most absorption lines, but for some absorptions there are
energy level structure. Note that some of the calculated erdifferences between calculated and observed intensities. The
ergy levels in the energy level diagram based on the newvnability of the calculations to reproduce the energy level
parameters are not experimentally observed. The reason fetructure and line intensities for the full spectral region in
the absence in the experimental spectra is that the excitegbod agreement with experiment may be related to the strong
state excitation transitions to these levels is forbidden due toverlap and intermixing of states in areas where the energy
selection rules. For example, since transitions to levels withevels are closely spaced. Further improvements in the en-
J-values higher than 19/2 are formally forbidden the energyergy level calculation model may resolve this issue.
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