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XeMWTIOMUHECLEHIMS, HTHULIMUPOB HH $ NIPU JI 36pPHOM BO30YXJIEHUH MOHOB
Jl HT HUJOB U KTHHHJIOB B BOAHBIX P CTBOp X

IIpexcT BCHBI I HHBIE MO WHUIMHAPOB HHUIO XEMITIOMHHECHEHIMH JIIOMUHOT B
p ctBOop X, copepxk wux Sm(II), UIV) u Pu(IV). XemuatoMuHecHeHIUS UHULIMU-
POB JI Ch IyTEM MHOTOKB HTOBOTO BO30YyXHEHHS MOHOB J HT HUAOB U KTHUHHIOB B
0011 crtu 4f- u 5Sf-niepexonoB Mo CXeM M: JBe CTYIIEHH — OJMH LBET U JIBE CTYIICHH —
JIB IBET C WCIOJB30B HUEM JI 3epOB H Kp CHTENIX. MbI H OJIIOI JIH XEMILTIOMU-
HECUEHIIMIO XEMWJIIOMUHOTEH (JIIOMUHOJ ), MHULIUMPOB HHYI0 MHOTOKB HTOBBIM JI -
3epHBIM BO30yXIEHHEM JI HT HUAIOB M KTHHMIOB B BOIHBIX p CTBOpP X. IIpnMeHeHue
MHOTOKB HTOBOW CX€MbI BO30YXICHUS XEMWJIIOMHHECUCHIMU €N €T 3Ty METOAUKY
HE TOJIbKO BBICOKOUYYBCTBUTEIbHOM, HO U BBICOKOCEIEKTUBHOW MPHU JETEKTUPOB HUHU
P 3JIMYHBIX BEIIECTB.
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Chemiluminescence Initiated by Laser-Induced Excitation of Lanthanide
and Actinide Ions in Aqueous Solutions

Data on luminol chemiluminescence in solutions containing Sm(III), U(IV), and
Pu(IV) are presented. Chemiluminescence was induced by multiquantum excitation
of lanthanide and actinide ions in the range of 4f- and S5f-electron transitions by
the schemes: two steps — one color and two steps — two colors with the use of
dye lasers. We observed chemiluminescence of chemiluminogen (luminol) caused
by multiquantum excitation of lanthanides and actinides in aqueous solutions by
laser radiation. A multistep scheme of chemiluminescence excitation makes this
procedure not only highly sensitive but also highly selective procedure of detection
of substances.

The investigation has been performed at the Flerov Laboratory of Nuclear Reac-
tions, JINR.
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INTRODUCTION

At present the most efficient methods of detection of actinides and lanthanides
in solutions are methods based on registration of actinides with time resolution,
time-resolved laser-induced fluorescence (TRLIF) spectroscopy, having limit of
detection (LOD) up to 1073 M [1-6]. The LOD in solutions depends on the
impurity luminescence and scattered-light intensity. Efficient optical systems of
light collection are used to suppress background, and luminescence is measured
in the wavelength range different from the excitation radiation wavelength. How-
ever, these precautions do not allow suppression of luminescence background
from many impurities. Nevertheless, the background can be efficiently sup-
pressed for lanthanides and actinides using time resolution [1-6]. The point
is that the characteristic luminescence lifetime for impurities is 10~8—1079 s,
while it is 1073—107° s for lanthanides and actinides. This difference is due to
the fact that the luminescence in liquids for many lanthanides and actinides and
their compounds is controlled by electron transitions inside the f shell, which
are forbidden as dipole E1 transitions, therefore, the luminescence lifetime in-
creases. Thus, background radiation can be efficiently suppressed by using pulse
laser radiation to excite solutions and measuring the luminescence with a delay
(1073—1075 s) after laser pulse. If the delay time is about a few nanoseconds [3]
then the sensitivity of detection will be not so high as for microsecond delay time.

Unfortunately, Pu, Np, and also a number of valence forms of uranium
give no direct luminescence in solutions. For determination of valence forms of
Pu, Np, and a number of valence forms of U, not most sensitive methods of
laser spectroscopy are used. Among them are [7-9] laser-induced photoacoustic
spectroscopy (LIPAS) with LOD 10~ M, absorption spectroscopy with LOD
10~® M, and laser-spectroscopy with the use of effects of thermal lens (TLS)
with LOD 107¢ M.

Direct luminescence of Pu, Np, and some U compounds in liquids was not
observed due to strong nonradiative deactivation. However, using chemilumines-
cence of solutions, it is possible to develop detection technique for Pu, Np, and U
in liquids with high sensitivity, exciting actinides using various pulsed laser [4, 5].
The Limits of Detection (LOD) for spectrometers using the registration of chemi-
luminescence [10-12] are in the range from 10~ mol/l to 10~ mol/l depending
on the type of solutions and type of detectable molecule. Chemiluminescence is
widely used as a detection methods in many fields, such as flow injection analysis,
chromatography, biology, medicine, etc.



A key problem of chemiluminescence application for lanthanides and ac-
tinides detection in solutions is the increase of the selectivity of detection. Ap-
propriate selectivity can be reached when chemiluminescence is initiated by tran-
sitions within 4f- or 5f-electron shell of lanthanide and actinide ions, which
correspond to visible spectral range. Since the energy of one-quantum excitation
in visible range is insufficient for initiation of luminol chemiluminescence it was
proposed to excite actinide ion by multiquantum absorption of visible light [4, 5].

The selective excitation of actinide gives rise a chemical reaction between
molecule or complex containing excited actinide and chemiluminescence agent
added into solution. As a result of the reaction, the light is emitted (chemi-
luminescence) and detected. Using laser radiation with tunable wavelength we
can selectively excite various valence forms and molecules of actinides with sub-
sequent registration of chemiluminescence. With knowledge of wavelength at
which chemiluminescence appears and the intensity of chemiluminescence we
can determine the concentration of a certain valence form of given actinide and
the structure of complex containing this actinide. The optimum choice of laser
radiation wavelength on the basis of absorption spectra, scheme of luminescence
excitation, and chemiluminescence agent is extremely significant for selective
and efficient luminescence induction in excitation of actinides. It should be
noted that the presence of a time delay about a few microseconds between the
pulse of laser radiation and the chemiluminescence pulse is extremely signifi-
cant feature [4,5, 13, 14]. This fact allows using time resolution (TR) procedure
for detection of chemiluminescence. The TR procedure is based on registra-
tion of chemiluminescence in some time window with a delay relative to the
pulse of laser radiation, which allows significant suppression of the background
and increasing sensitivity of this method. In this work an effort was made
to realize this approach by initiation of chemiluminescence of luminol through
excitation of Sm(III), U(IV) and Pu(IV) ions with laser radiation. Data on lu-
minol chemiluminescence in solutions containing Sm(IIl), UIV), and Pu(IV) are
presented. Chemiluminescence was induced by two-quanta excitation of lan-
thanide or actinide ions in the range of 4f- or S5f-electron transitions by the
schemes [5]: two steps — one color and two steps two — colors with the use of
dye lasers. A multistep scheme of chemiluminescence excitation makes this pro-
cedure not only highly sensitive but also highly selective procedure of detection
of substances.

1. EXPERIMENTAL
In our experiments for lanthanide and actinide ions excitation following by

chemiluminescence initiation we used dye lasers (models OBB-1011 and OBB-
1012) pumping by nitrogen laser (model OBB-1010).



The OBB-1010 Nitrogen Laser delivers a crisp pulse at 337 nm with a hefty
2.4 MWt of peak power. With a pulse width of 1 ns, that results in a pulse energy
of 1.45 MWt. We got the specified power with the specified pulse characteristics
every time.

The OBB-1011 Dye Laser is built around a single stage Littrow configuration
cavity, providing continuously tunable output from 360 to 900 nm. The pulse
energy at 500 nm is 250 pJ. With a pulse width of 1 ns and a bandwidth of 1 to
3 nm, the OBB-1011 model is perfect for general spectroscopy.

The OBB-1012 Dye Laser incorporates a grazing incident design laser cavity
for high resolution followed by a secondary amplifier cell to boost the power.
The result is a narrow 0.04 nm output from 360 to 900 nm, a pulse width of
1 ns, and an energy of 220 pJ per pulse at 500 nm. With the addition of OBB’s
OL-403 Frequency Doubler, tunable wavelengths from 235 to 345 nm can be
attained.

The radiation generated by nitrogen laser was simultaneously derived to both
dye lasers through a beam splitter (Fig. 1). This scheme allows synchronization
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Fig. 1. Block-scheme of the experimental set up. I — nitrogen laser (model OBB-1010);
2 — beam splitter; 3 — dye laser (model OBB-1011); 4 — dye laser (model OBB-1012);
5 — optical delay line OPD-1; 6 — cuvette with analyzing solution; 7 — optical fiber;
8 — monochromator DMR-4; 9 — photomultiplier



of laser pulses in a cuvette within an accuracy of 10 ps at generation pulse length
of 800 ps for laser OBB-1012 and 1 ns for laser OBB-1011. Optical delay line
OPD-1 was used for synchronization. A laser beam splitter was oriented at an an-
gle of 45° to the direction of laser beam generated by nitrogen laser and divided
this beam to two beams with equal intensities. Laser beams generated by two dye
lasers were aligned in the opposite directions and directed to a cuvette of 1 cm
in thickness. Chemiluminescence of luminol was collected with a lense whose
optical axis was oriented at an angle of 39° to the direction of laser beams and
was transferred to the entrance slit of double prismatic monochromator DMR-4
with flexible optical fiber. Chemiluminescence was detected by photomultiplier
working in the photon counting mode with the use of gating technique at a wave-
length of 460 nm corresponding to the maximum of luminol chemiluminescence.
The length [5] of gating impulse (strobe) was 10 us, delay time, 2 ps.

A radiation wavelength of laser OBB-1011 was fixed. A radiation wavelength
of laser OBB-1012 was tuned in the limits of absorption band of detectable ac-
tinide valence or molecular form (two colors — two steps chemiluminescence
excitation scheme). The intensity of chemiluminescence as a function of wave-
length generated by the tunable laser (spectrum of chemiluminescence excitation)
was measured. The presence of absorption band of detectable actinide in the
range of tuning of the second laser wavelength results in appearance of a peak
of luminol chemiluminescence. Peaks in the spectrum of chemiluminescence ex-
citation are connected with the definite valence or molecular forms of detectable
actinides. The intensity of chemiluminescence was measured only during the
strobe pulse duration with the proper delay time after laser pulse (Time-Resolved
or TR method). Thus, background radiation can be efficiently suppressed [5] and
chemiluminescence signal will be more clear.

2. INITIATION OF LUMINOL CHEMILUMINESCENCE
AS A RESULT OF Sm EXCITATION BY LASER RADIATION

The experiments were performed with hydroxo complexes of Sm(III). The
wavelength of dye generation for the first step of excitation was chosen based on
absorption spectra of solutions containing Sm(III) and luminol. Absorption spec-
tra of samarium chloride and luminol aqueous solutions are presented in Fig. 2.
Since the absorption end of luminol (sodium form) is close to the strongest line
of samarium spectrum at 401 nm, the experiments on reduction of samarium with
laser radiation were performed at the line of 477.5 nm (Fig. 3). This makes easy
excitation of Sm(OH)3; complex in a solution to the energy allowing electron
transfer from ligand OH™ to the central ion and splitting off of OH® radical with
the tunable laser operated in visible spectral range, i.e., under conditions of the
best selectivity of excitation. In this case, the probability of excitation of luminol
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Fig. 2. Absorption spectra of aque-
ous solutions: /) 7.3 -107% M
SmClz, pH 5.6; 2) 6.8 -1073 M
SmClz +2.9 - 107° M luminol,
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Fig. 3. Absorption spectrum of
aqueous solution 1073 M SmCl;
+2-107° M luminol: /) 401.0;
2) 415.0; 3) 464.0; 4) 477.5 nm

pH 5.6; 3) 6.8-107> M SmCl;
+8.79 - 107% M luminol, pH 5.6;
4) 10~* M luminol, pH 5.6

molecules with laser radiation is minimum. The chemiluminescence arises as a
result of oxidation of luminol molecule with OH® radical induced by light excita-
tion of the ion of the element to be detected (Sm(III)). We successfully recorded
the spectra of chemiluminescence excitation (Fig.4) as a result of excitation of
Sm?* ions with dye laser by using two steps — one color scheme [5, 15] (two
photons absorbed during one laser pulse).

At a power of laser radiation not exceeding 108 W/cm? per pulse (the length
of laser pulse is in the order of 800 ps, spectral width 6\ = 0.04 nm) chemilu-
minescence arises only under addition of samarium to the solution and when the
wavelength of laser generation does not fall into the range of Sm3* absorption
chemiluminescence disappears. This means that absorption of two quanta with
wavelength of 477.5 nm is sufficient for initiation of luminol chemiluminescence.
However, with further increase of the power of laser radiation above 10 W/cm?
per pulse the chemiluminescence begins to burn even the wavelength of laser
radiation is outside the range of Sm3* absorption. This means that two-quantum
mechanism of excitation via virtual intermediate level of Sm™3 ion begins to
operate.
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Fig. 4. Spectrum of excitation of luminol chemiluminescence (a) with dye laser in the
range of absorption bands of Sm®*. Chemiluminescence is detected at the wavelength of
460 nm. Absorption spectrum of Sm** is shown below

Thus, when using multistep scheme of chemiluminescence excitation there is
a need to choice the power of laser radiation to provide required sensitivity and
selectivity.

There is no complete similarity between the spectrum of chemiluminescence
excitation and absorption spectrum. This experimental fact connected with the
difference in the selection rule for single-quantum and multiquantum absorption.

3. INITIATION OF LUMINOL CHEMILUMINESCENCE
AS A RESULT OF U EXCITATION BY LASER RADIATION

We performed experiments on multiquantum excitation of luminol chemilu-
minescence in solution containing U(IV) with the use of two dye lasers. Luminol
was added into the prepared solutions up to concentration of 5-10~° M. The
solution for experiments on multiquantum excitation of chemiluminescence was
finely chosen based on the ability of luminol to produce chemiluminescence after
excitation of U(IV) and also on the presence of absorption bands in the range
of 650 nm typical for UIV). A characteristic absorption band at approximately
650 nm (PLD 644 dye) was chosen for the first step of two-quantum excita-
tion of U(IV).

In the experiments the OBB-1011 laser was operated at a fixed wavelength
of 500 nm. The wavelength of radiation of the OBB-1012 laser was tuned in
the limits of the analytical absorption band of U(IV) at 650 nm. We performed



several cycles of chemiluminescence excitation varying wavelength of generation
of the OBB-1012 laser. In all cases we recorded variation of chemilumines-
cence intensity with variation of wavelength. These variations are connected with
chemiluminescence of luminol induced by U(IV) excited by laser radiation via
two steps — two colors excitation scheme.

The intensity of chemiluminescence of U(IV) solution under irradiation with
two lasers varies cymbately with variation of optical density when wavelength of
generation of one laser is varied in the limits of absorption band of U(IV) (Fig. 5).
This allows conclusion on excitation of chemiluminescence using two steps —
two colors excitation scheme under irradiation of a solution with two pulse lasers
one of which has wavelength of generation in the limits of absorption band of
U(IV). Thus the selectivity of chemiluminescence method of U(IV) detection was
provided.

The spectrum of chemiluminescence excitation obtained in retuning of gener-
ation wavelength of the second laser is similar to the absorption spectrum of ura-
nium (Fig. 5). The presence of absorption band of U(IV) in the range of retuning
of the second laser results in appearance of a peak of luminol chemiluminescence.
This fact undeniably confirms the selective mechanism of chemiluminescence
excitation.
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Fig. 5. Two steps — two colors excitation of chemiluminescence in solution lumi-

nol+U(IV)+HCI. I — chemiluminescence intensity dependence on the wavelength of laser
radiation at the first excitation step. When the wavelength of laser radiation corresponds to
the wavelength of U(IV) absorption band then the intensity of luminol chemiluminescence
is increased. The wavelength of laser radiation at the second step was fixed at 500 nm.
2 — absorption spectrum of U(IV) + HCI solution



4. INITIATION OF LUMINOL CHEMILUMINESCENCE
AS A RESULT OF Pu EXCITATION BY LASER RADIATION

Initiation of chemiluminescence as a result of excitation of Pu(IV) with two
dye lasers was demonstrated for a solution containing CsF, luminol, and Pu(IV).
A choice of solution composition was made based on an attempt to provide
favorable conditions for observation of luminal chemiluminescence and to avoid
formation of colloidal species of hydrolyzed Pu(IV).

Settings of the first dye laser OBB-1011 were unchanged. The laser generated
light with a wavelength of 490 nm. The wavelength of radiation of the second
dye laser was varied in the range from 630 to 660 nm (PLD-640 dye). The
wavelength of radiation of the second dye laser was chosen based on the fact that
Pu(IV) has absorption band in this range. As is seen from Fig. 6 variation of the
wavelength gives rise to variation of chemiluminescence intensity. The spectrum
of chemiluminescence excitation reproduces a part of absorption spectrum of
Pu(IV). A measurement of the spectrum of chemiluminescence excitation requires
correct consideration of contribution of the following processes.
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Fig. 6. A comparison of absorption spectrum of Pu(IV) and specific intensity of chemilu-
minescence at various wavelengthes of radiation generated by the second laser. /) Absorp-
tion spectrum of the solution to be irradiated. 2) Specific activity of chemiluminescence
of Pu(IV) solution as a function of wavelength of radiation generated by the second laser,
wavelength of radiation generated by the first laser — 490 nm. Solution composition: CsF
3.6 M, luminol 10~ M, Pu(IV), solution pH was adjusted by addition of CsOH



1) Initiation of luminol chemiluminescence as a result of two-quantum ex-
citation of An(IV) by the scheme two steps — one color, i.e., as a result of
absorption by An(IV) of two quanta radiated by one laser.

2) Initiation of luminol chemiluminescence as a result of two-quantum ex-
citation of An(IV) by the scheme two steps — two colors, i.e., as a result of
absorption by An(IV) of two quanta radiated by two lasers.

3) Initiation of luminol chemiluminescence as a result of two-quantum exci-
tation of luminol molecules.

The latter process (3) requires additional comments. In the field of laser
radiation luminol molecule has a possibility to pass into excited state after ab-
sorption of two light quanta. Chemiluminescence having characteristic spectrum
appears only as a result of excitation transfer to molecule of dissolved oxygen to
pass that into active singlet state being efficient oxidant for luminol molecules.
This excitation transfer from molecules of organic compounds to oxygen mole-
cules is well known in biochemistry [16]. A contribution of this process can be
evaluated from the luminescence of actinide-free luminol solutions. Of course,
the process (3) is a background process and its spectrum of chemiluminescence
initiation does not correlated with the absorption spectrum of An(IV). Excitation
of Pu(IV) chemiluminescence by the mechanism two steps — one color, i.e.,
without irradiation by the first laser, is demonstrated in Fig. 7.
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Fig. 7. Specific intensity of chemiluminescence excited by the mechanism two steps —
one color in irradiation of Pu(IV) solution by laser OBB-1012 in the range of 630-660 nm



A comparison of run of the curves presented in Figs.6 and 7 shows that in
the mechanism two steps — one color (Fig.7) the slop of the spectral curves
is sharper than that in the mechanism two steps — two colors (Fig.6). The
spectrum of chemiluminescence excitation correlated with absorption spectrum of
Pu(IV). In both schemes we realized selective excitation of chemiluminescence
and this selectivity is caused by the features of absorption spectra of Pu(IV)
solutions. The selectivity of chemiluminescence excitation allows us to apply
chemiluminescence procedure as a method for selective detection of actinides in
various valent states in solutions with the using individual features of valent states
absorption spectra.

CONCLUSION

Appropriate selectivity was reached in our experiments when chemilumines-
cence was initiated by transitions within 4f- or 5f-electron shell of lanthanide or
actinide ions, which correspond to visible spectral range. Since the energy of
one-quantum excitation in visible range is insufficient for initiation of luminol
chemiluminescence, we selectively excited actinide ion by multiquantum absorp-
tion of visible light. This fact allows using highly sensitive chemiluminescence
procedure for selective detection of various valence lanthanide or actinide species
in solutions based on individual features of their absorption spectra.
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