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Up Conversion Process in U**-Doped ThBr, and ThCl,

SOLANGE HUBERT,* CHONG LI SONG,t anp MICHEL GENET
Laboratoire de Radiochimie, I.P.N., BP n° 1, 91406 Orsay Cédex, France

AND FRANCOIS AUZEL

CNET, 196 rue de Paris, 92260 Bagneux, France

Received April 12, 1985; in revised form June 24, 1985

Infrared excitation of tetravalent uranium in thorium tetrahalides produces a strong emission in the red
region at room temperature. The experimental results show that a two-photon mechanism is involved.
Below liquid nitrogen temperature the conversion efficiency increases and an extra green emission

appears. © 1986 Academic Press, Inc.

Introduction

Up conversion processes in solids have
been extensively investigated during the
last 20 years. It can occur both between
identical and different ions through energy
transfer or in one single ion by direct sum-
mation, with emission of anti-Stokes radia-
tion. Up to the present, most of the experi-
mental examples of anti-Stokes fluores-
cence involved principally the rare earth
ions (7). Several mechanisms are proposed
to explain these phenomena: the summa-
tion of infrared photons is produced by
means of cooperative processes or succes-
sive absorption with or without energy
transfers; the transfer between pair ions be-
ing resonant or phonon assisted.

We found that tetravalent uranium as a
doping ion in thorium tetrahalides acts as
an up converter in single-crystal as well as
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in polycrystalline powder. Recently, we
have shown (2) that in the case of ThBr,
and ThCl, doped with a low concentration
of tetravalent uranium (a few hundred of
ppm) infrared excitation with A > 0.82 um
at room temperature produces a bright
emission in the red region. At lower tem-
perature (near the phase transition temper-
ature, 100 K) a weak green fluorescence ap-
pears.

In this paper, we report on an investiga-
tion of the up conversion process of U4
doped ThBr,. Besides sample geometry
consideration, the mechanism has been
determined and the absolute conversion
efficiency measured. Some comparative
results will be reported for ThCl,.

Experimental Details

The single crystals of ThBr, (and ThCL)
doped with different concentration of ura-
nium were grown by the Bridgman method
previously described (3). The uranium con-
centration in the matrix was determined by
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counting the alpha decay of the isotopes
281 and 25U after a chemical separation on
anionic resin of Th** from U** (4). Experi-
ments were done on single crystals and on
microcrystalline powder with different cali-
brated grain sizes (0.068, 0.132, 0.258, 0.53,
and 1 mm) and with different dopant con-
centrations (0.006, 0.024, 0.050, and 0.25
at.% U*' in ThBry). Since the crystals are
hygroscopic, samples were handled under
an inert atmosphere, and transferred to a
silica tube sealed under vacuum.

Difficulties of reproductibility in the rela-
tive intensity measurements were due to
the heating of the samples by the infrared
radiation. Thermal quenching had been
avoided by using a Peltier effect cooling
system. Through this device, the tempera-
ture of the sample is maintained almost
constant.

Relative intensity and spectral measure-
ments of the red fluorescence at 0.695 pm
for ThBr4 and 0.689 um for ThCl; were ob-
tained with a Jobin Yvon HR1000 mono-
chromator: the excitation source was a 1-
kW tungsten iodine lamp. All visible stray
light was stopped by two filters ORIEL
J820a and DJ845. Visible light emitted by
the samples was detected by a photomulti-
plier Hamamatsu R376.

The double-beam excitation spectra us-
ing the setup described Fig. 1 were obtained

IR band pass
filter
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with the monochromator centered at 0.695
um for ThBr4 and 0.689 pm for ThCl,. The
sample is excited both by a continuous in-
frared broadband beam (0.82-2 um) and by
a monochromatic beam through an ORIEL
monochromator model 7240, in the range
0.8 up to 1.2 um (with AN = 0.01 pm) pro-
duced by the same [-kW tungsten iodine
lamp.

The absolute conversion efficiency at vis-
ible wavelength of the sample was mea-
sured using a high-efficiency GaAs:Si
diode (Plessey, GAL10) emitting 45 mW at
= 0.96 um.

Lifetime measurements were obtained
through a Lecroy 3500 M multichannel ana-
lyzer system in the 500-ns to 100-us range
using a Lecroy M2256 transient digitizer.

Experimental Results

Up Conversion Process of U** : ThBr,

When exciting U4 in ThBr4 with infrared
(A > 0.82 pm) at room temperature, we ob-
served an anti-Stokes fluorescence in the
red between 0.67 and 0.72 um (2), corre-
sponding to a Py — *H, transition (5). The
number of photons involved in this process
is determined from measurements of the up
converted light intensity as a function of the
exciting power I, = f(W"). Figure 2 shows
the power law of the red emission in its
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. F1G6. 1. Double-beam excitation experimental setup.
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Fi1G. 2. Variation of the fluorescence intensity with
the intensity of the IR excitation.

dependence on the infrared excitation. On
crystals as well as on microcrystalline cali-
brated powder, the power law is found to be
quadratic with respect to the infrared exci-
tation (2). This is evidence which shows
that excitation involves a two-photon pro-
cess. Furthermore, we studied the variation
of the red fluorescence intensity with the
concentration of the tetravalent uranium.
We found that the 0.695-um emission fol-
lows a linear law with U** concentration as
shown in Fig. 3 for a concentration ranging
from 0.006 to 0.05%. From this result we
can conclude that the absorption of two in-
frared photons occurs through one U** ion
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FiG. 3. Variation of the fluoicscence intensity at
0.69 um with U* concentration.
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Fi1G. 4. P, radiative lifetime behavior versus con-
centration for U** : ThBr,.

in reaching the 3P, excited state, which, by
spontaneous decay, gives rise to a visible
fluorescence. For higher concentrations,
beyond 0.05%, the decrease of the conver-
sion efficiency as well as the decrease of
lifetimes shown in Figs. 3 and 4 indicate a
quenching effect.

Compared Characteristic Samples

Red fluorescence intensity measure-
ments have been performed on single crys-
tals with different thickness as well as on
powder with different grain size for U**
concentration of 0.006, 0.025, 0.05, and
0.25%, during which the conditions of exci-
tation, geometry, and temperature were
held fixed. Results obtained for both single
crystals and powder are represented in
Figs. 5a,b. Emission intensities at 0.695 um
are given in arbitrary units. At each con-
centration, the variation in fluorescence in-
tensity versus thickness of the single crys-
tals and grain size of the powder is similar:
an optimum is found at higher concentra-
tion due to reabsorption, as shown by the
flatness of curves at lower concentrations
(Fig. 5a). Conversion efficiency is found to
be optimized for single crystals at a thick-
ness of about 0.9 mm and at a concentration
of 0.05%; for microcrystalline powder, at a
grain size of approximately 0.2-0.3 mm,
and at the same concentration as for single
crystals. In that case the efficiency is multi-
plied by a factor of 20 in comparison with
the same single-crystal sample. This is be-
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F1G. 5. (a) Emission intensity versus grain size of ThBr, powder with 0.05, 0.25, and 0.006% of U4*/
Th**. (b) Emission intensity versus thickness of U** : ThBr, single crystals with 0.025 of U**/Th**.

lieved to be due to photon trapping, as dem-
onstrated by lifetime measurements versus
sample shapes (6) (Fig. 4). As a matter of
fact, the 3P, lifetime of 7 = 3,50 us = 0,05
for thick single crystals (with 0.25% of
U*t) becomes 2.95 us = 0.05 on a thin
single crystal. The measured increase of
lifetime with sample size is evidence for
radiation trapping arising from radiative
transfer.

Excitation Spectra Experiments

For excitation spectra, the double-beam
technique already described (7) has been
used to determine the energy of the protons
producing the red fluorescence.

The double-beam excitation spectra for
emission at 0.695 um (Fig. 6) shows that 3P,
excitation is obtained by absorption of pho-
tons at 0.95 and 1.17 pm.

Comparing excitation spectra with room-
temperature absorption spectra as shown in
Fig. 7, indicates that the anti-Stokes fluo-
rescence derived from the upper 3P, level is
induced from the summation of photons
corresponding to the *H,; — *Hg (0.95 um)
or 3H,— 3F; (1.17 um) transitions. The fact

that an emitting IR diode alone centered at
0.96 pum induces a red fluorescence 3Py —
3H, shows that this excitation is obtained
through absorption by U** of photons at
0.95 um in a *H, — 3H, transition; then the
same U*" ion absorbs a second photon at
0.95 um which is added, after multiphonon
relaxation, to the first to reach the 3P, level.

In summary, we can conclude that the 3P,
red emission at 0.695 um is excited by 0.95-
plus 1.17-um photons, as well as by absorp-
tion of two 0.95-pm photons or of two 1.17-
pm photons as shown in Figs. 8a-f.

In the same manner, the double-beam ex-
citation spectra have been obtained for U*:

Th Brg + U%*

Monochromator (6953 &)

2000 11000 10000 9000 8000

Excitotion wavelength A (&)

FiG. 6. Double-beam excitation spectrum for
U* : ThBr, at 0.695 um.
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Fic. 7. Absorption spectrum of U4*: ThBr4 at room temperature.
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Fi:. 8. Different excitation routes for the IR excited
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ThCl, using a monochromator centered at
0.689 um. The spectrum reported in Fig. 9

shows that the red

emission from 3Pq is

mainly obtained by the absorption of pho-

tons at 0.94, 0.931,

and 0.989 pum, corre-

sponding to the *H, — Hj transitions.
For this sample we verified that an emit-

T T

ThCl, + U%?

Monochromator (6903 R)

T T T T

Excitation wavelength

FiG. 9. Double-beam
U4+ : ThCl, at 0.689 um.
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ting IR GAL 10 diode centered at 0.96 um
also induced the red fluorescence at
0.689 pum.
Discussion

The 3H, state which is excited by a 0.95-
wm photon relaxes toward *Hs by multi-
phonon de-excitation; then 3H; is excited
Uy a second 0.95- or 1
reach the 3P, state after multiphonon relax-
ation, or directly. A direct summation of
two 1.17-um photons or of one 1.17- plus
one 0.95-um photon, with phonon assisted
de-excitation through the °F; state aiso
leads to 3P,. However, it seems from the
normalized double-beam spectra (Fig. 6)
that the summation of two 0.95-um photons
could be more efficient that the summation
of two different energy photons or of two
1.17-pm photons.

Tal "t
1aKIng into account

1.17-um photon to

excitation cross

tion o; and o, respectively, from level l
(®Hy) to level 2 (®Hgs and 3F;4) and from
level 2 to level 3 Py, 'G,, 3Py), the popula-
tion variation of levels 2 (*Hg s and 3F; 4) and
levels 3 (Pg, 'Gs, *Py) are given by the fol-
lowing equations:

% = gydim — ol — oabony + nalmy

dn
7173 = oty — M7

where ¢, represents the infrared incident
flux, and 7;, the lifetime of the ith level, and
where levels connected by nonradiative

transitions have been lumped together as
levels 2 and 3.

For steady state conditions, the above re-
duces to

ny = d)]d)20'10’2n172’r3 (1)
which, in the case of equal energy photon

excitation, yields

= A2 o
i3 Qo0 TT3.

[y

This formula well describes the linear
variation with concentration and the qua-
dratic one with excitation flux. Further the
absorption oscillator strength at 0.95 pum
for the 3H; — 3H¢ transition and 1.17 um
for tha

for the 3Ll' — 3‘3 transition have been al-

ready measured (4) as 1.05 x 107* and 2.8
x 1074, respectively. These large values,
roughly 10 times larger than for rare-earth
ions explain the fact that sequential absorp-
tration quenching occurs at concentrations
as low as 0.25%. Along this line it can be
noted that red fluorescence is also observ-
able in a pure ThBr, crystal containing ura-
nium as unwanted impurity (a few ppm).
Moreover, the *H, — 3P, oscillator strength
(. g x 10~ 4\ nprmufc calenlation of the radi-

ative hfetlme. At room temperature, the
3H, ground state has a large splitting (5) (0,
109, 148, 657, 707, 864, and 980 cm™!). Tak-
ing into account an effective degeneracy of
approximately 4 due to the large splitting,
we calculated a radiative lifetime approxi-
mately 7y = 6.1 us for the 3P, state. Direct
measurement on the 3P, transition yields
Tmeas = 4.5 us, and a quantum efficiency for
3p, of 1 = 0.74. Also, quantum efficiency of
3H5 can be estimated to be larger than 7
below 3H;s is larger

than the one below 3P0. The increase in up
conversion intensity with photon trapping
is directly related to lifetime increases in
Eq. (1) These facts Jomtly explam why se-
qucuual absorption is easily observed in
U4+ . ThBI’4.

The standardized conversion efficiency
at visible wavelength is the ratio of the
emitted light intensity to the absorbed infra-
red radiation intensity, muitipiied by the
nth power of the excitation level Py, n be-
ing the number of photons involved in the
up conversion process (8).

hel 34 LV VRN § Lo o2 § L o2

P,

~ em

M = (P.)"! (absorbed IR power)
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The absolute measurements of conver-
sion efficiency have been performed on mi-
crocrystalline powder with grain sizes of
about 0.2-0.3 mm and a concentration of
0.05%, which is directly irradiated by an
emitting IR diode GAL 10 (PLEYSSEY)
centered at 0.96 um. Through a photomulti-
plier of known spectral sensitivity an exci-
tation level of 2 mW yields a standardized
conversion efficiency 1, = 2 X 1076 cm%W.
Taking into account that the 1.17-um pho-
ton is also efficient in inducing the red fluo-
rescence, the absolute conversion effi-
ciency could be larger for broadband
excitation.

Whatever the excitation, UV or IR, the
intensity of the visible emitting light in-
creases with decreasing temperature. At
4.2 K, the infrared excited fluorescence in-
tensity is enhanced by a factor 50 in com-
parison with that measured at room
temperature. Furthermore, an extra green
emission which is very weak (about 200
times less than the red emission) is ob-
served below 100 K at about 0.52 um and is
derived from the 'I¢ state. The up conver-
sion fluorescence spectrum at 4.2 K is
shown in Fig. 10. Other extra weak lines
are observed. The increase of the visible
emitted light with decreasing temperature
makes the green emission observable.
From Fig. 8 route g shows that the summa-
tion of two 0.95-um photons permits to the
1Is state to be reached; after phonon relaxa-
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tion it fluoresces toward *H;. The mecha-
nism for this green fluorescence has not yet
been studied and a possible connection with
the incommensurate phase transition below
95 K (5-9, 10) has not yet been investi-
gated.

Concerning the up conversion mecha-
nism in U**: ThCl, the fluorescence inten-
sity variation with the U** concentration
and with the infrared radiation intensity has
not been studied. We can suppose that it is
about the same as in U** : ThBr, since these
crystals are isomorphous. In both cases
U#* : ThBr4, ThCI, the red fluorescence cor-
responds to the Py — 3H, transitions and
photons at 0.95 um for ThBr4 and 0.94 um
for ThCl, corresponding to 3H; — Hg tran-
sition induce the anti-Stokes fluorescence.
However, for U4 : ThCl, it seems that only
two equal energy photons are principally
responsible for the red fluorescence.

The same phenomenon has been ob-
served with Np**(5/?) in the two matrices
ThBrs and ThCl;, which leads us to think
that the up conversion process well known
in the 4fions could play a similar role in the
5f elements, with an enhanced effect due to
higher oscillator strengths.
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