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LASER-INDUCED BREAKDOWN SPECTROSCOPY: A NEW TECHNIQUE
FOR NONDESTRUCTIVE ANALYSIG OF SOLUTIONS

R. G. Gutmacher, D. A,

Abstrace

Laser-induced bhreakdown spectroscopy has
heernn applied to the continuous determination of
uranium ‘n solutions, The technique {s rapid,
non=-invasive, and unaffected by radioactivity.
Powerful laser pulses are focused through an
optical access onto the solution surface to pro-
duce a hot sgpark plasma. In experiments on
static solutions, uranium concentrations between
0.1 and 300 g/l were determined, using a pulsed
Nd:YAG laser and a time-gated photodiode array.
A concentration of 4.2 g/L was measured with 1.0%
pracision in 3 minutes. Substances that absorb
at the laser wavelength, suspended materials, and
variations {n the acidity of the solution have
little or no effect on the results, Experiments
are Iin progress on flowing streams contained I(n
A test loop that simulates plant operating con-
ditions,

L. Introduction

Contlnuous measurement o’ uranium concentra-«
tiong (n liquid streams {8 necessarv {n nuclear
funl cycle processing plants tor critfcallty
safety, process -ontrol, and nucledar materials
accountancy, The solutions may contain high
~oncepntrations of flegion products ot neutron
omitters that {nterfere with nondestructive
Lamma=-ray, ceutron, or x-ray techunfiques. A tech-
nique that is rapid, non-invaaive, and unaffected
by radloactivity and that requires neither sample
handl{ag nor preparation i{s desirable. Laser~
tnduced breakdiown apectroscopy (LIBS) appears to
have all of these properties., We iave {nveati-
gated the applicezion of LIBS tn the measurement
of uranlum concentrations fn solution.

In the i.IBS tuchnique, powerful laser pulames
are tocumd through an optical access onto the
solurion surface to produce a hot spark that
vaporizes a small volume of the solution at” gen-
erates a high-temperatura plasma consisting of
elnctrons and electronically excited atomm. The
plasma light 1s spectrally and tempurally re-
yolved and measured, using tachniques of atomic
emisnion mpectroswcopy. In a proceasing plant,
tha optical accese could he a flow cell with an
vptically tranwparent window that Is {(nserted
tnto the plpe or a hLy-pams locp cnntalning the
flowing solution,

We have .ompleted our experimants on static
solutfons and are now experimenting with flowing
wtreams contained Ln a test locp. Thus, our work
tm Incomplete, but enough results have hasn oh-
tafned to mhow the feastihility and potantial of
the LIBS technique and to justify the presenta=-
tfon of this progresd report,
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2, Experimental Equipment and Methods

A schematic of the experimental arrangement
that we have uged for work on static solutions
{3 shown in Fig. 1. Pulses from a Nd:YAG laser
(usually operated at 250 mJ average pulse energy,
9 pulues/gsecond) created the spark plasmas. Ura-
nium solutions (0.035~300 g/L) in 4 M nitric acid
were contained In sealed cylindrical glass vials.
The laser pulses were focused on the gurface of
the solution, along a path perpendicular to "he
liquid surface, using a 50-mm focusing lens. The
plasma light, viewed through the side of the vial
along a direction parallel to the liquid surface,
was focused on the entrance slit of a 0.5 m
grating spectrogeter.
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Fig. 1.
Schamatic of the Experimental Arrangement
for LIBS,

The spectrally remolved light was detected
using a dlode array rapld scanning spectrometer
systam. The detector, which connists of a micro-
channel plate {mage intensifiur and linear photo=
dlode array (1024 dtodes tn 2%.4 mm), has maximum
wensitivity at 480 om, The dJetected signal was
time resolved by applying a 4ate pulse to thae
tmage intensifiar positioned in front of the
photodiode arcay. The time alter wpark Inltia-
tion at which uranium detection began and the
width of the detection window vare controlled by
precisely timing the gate pulser relative to the
laser pul-+. Time resolutfon of the plamma wig-
nal was u.ed to minimliza detection of the strong
continuue radiation at early times after wpark
formatfon,



Meagsurements of the uranium signal were made
by averaging the spectra from a large number of
laser sparks., The net uraunium signal was com=
puted as the number of counts above the back-
ground level in a spectral region defined by uan
emigsion line (peak area),. In some cases, the
net signal was ratioed to a background signal,
computed as the number of counts in an interfer-
ence-free region 0.1-0,2 nm wide near the uranium
line,

3. Results

The goals of our experiments on static svlu-
tions were to optimize the experimental paran-
eters, to select strong uranium lines free of
interference, and to determine the detecticn
l{mit and concentration range that could be meas-
ured, In previous work with the LIBS technique
on solutions containing alkall and alkaline earth
elements, the gpark was formed In the bulk
tiquid. This avoided the problem of spark per-
turbation due to surface agitation and splashing
that occurs {f the spark {s formed or the surface
of the liquid. However, the temperature of the
spark is much lower in bulk excitation than f{n
surface excftati{on, For uranium solutions, we
found 1t necessary to use surface excitatio ,
because spark formation in the bulk of the solu-
tion gave no detectable uranium signal, aeven at
4 concentration of 300 g4/L, With surtace excita=-
tion, a detection limit of O.1 g/L was obtained.
Other advantages of surtface exclitatlion are that
the plasma light will not oe absorbed by other
materials 1n the solution and that suspended
particles will not perturb spark formation nor
scatter the plasma light to as great an extent,
However, with surtface excitation, the slgnal
strength {g sensitive to the distance hetw. on
the focusing lens and the liquid surface., Also,
in a flow cell, {t (s always necessary to have
an air space above the solution for formation of
the spark.

The factors consi{dered in optimizati{on of
the experimental parameters were the strength of
the uranium signal and {ts reproducibility. The
parameters we f{nvestigated fincluded laser pulse
energy and repetitfon rate, focal length of the
lens that focused the laser pulses on the solu-
tion surface, and the timing of data collection.
The parameters we considerad optimum are listed
in Table I, Detalled remults “ill be published
elyewhere.

[n searching for sultable uranium lines, we
sxamined the qpectral reglon from }50=700 nm,
which contalne many strong uranfum lines., Al-
though emiasfon lines from hoth peutral atoms and
wingly tontzed uranfum were observed, the lines
from wsingly fonlzed urantum were considerahly
ytronget, The wavelengtus and relatfve {(nten-
nititen of the srrongest of these lines are glven
tn Table 11, Although the strongest uranium ltne
Itnted in the table tw at JA7.0 nm, the strongent
algnal obhtalined with the d{ode array case trom
the 409.0=nm line, becaume of the Rreater sensi-
tivity of the detector at that wavelongth, Ac-
ordingly, we used the 409, 0=nm l1i{ne for mowt of
wir measurementa, Flgure ) 4hows a4 small smect{on
f tha apectrum surrounding this line, The ura-
Alum lines at IA9.5, IR6,0, and IA6.6 nm could

not be used because of interference by cvanogen
band emission. <Cyanogen 1s formed from nitrogen
(in air and solutions) and carbon atoms (in air
as carbon dioxide) that combine {n the cooling
spark plasma.

TABLE I. Optimum Experimental Parameters

Laser

Nd:YAG - Wavelength 1064 nnm
Surface excitation

Pulse width 15 nsec

Pulse energy - 250 mJ/prlse
Repetition rate - 9 Hz

Focusing lens - 50 mm focal length

Time Resolution

Dalay - 10 isec
Window - 200 :sec

TABLE [I. Some Strong Uranium Lines
Observed in a Laser Spark?

Wavelength Relative

(nm)___ Intensity
J67.C 1.00
170.2 Py
378.3 0,57
183.] .44
185.5b --

186,00 -

1860 " --

139.0 0,42
393.2 0.91
406.3 0.31
409.0 0.92
41l e 0.1
417,2 0.46
424.2 0.50
424, 4 0,44
44,2 0,34
46,2 1,26
44,2 LA

451.5 Dol
A% .4 1, 30
Wh2.7 0.1t
Whé 7 U 06
468.9 0,08

"Maasurements wera mada on a 10 %/l swolu:
tion, lhe wpectral response of the Je -
tection wsymtem waw caltbrated alng a
tungaten filamant radiance 4tandard lamp.

b
’Gyanugnn band emissionn interfere with
thewe linan,
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Fig. 2.
Spectrum between 406 and 413 nm, obrained from a
solution containing 10 g uranium/L in 4 M nictric
acid, Prominent uranium lines are marked.

A callbratlon curve (Fi{g. 3) of the net in-
tenslty of the 409.0-nm si{gnal vs uranium concen-
tration {3 nearly linear over the range 0.l-300
3/L. The precislon of the method was Jetermi.ed
at a concentration of 4.2 g/L, from spectra ,b-=
talned by averaging SO, 100, 200, 800, and 600

wparks. Ten repllicate measurements were made
for edch case. The results uare presented In
Table [I1. In cach case, the highest precision

ls obtained when the uranium 9ignal {s ratioed
to background. A preclsion of 1.0X RSD was ob-
tained when 1600 sparks were averaged, corre-
sponding to a measurement time of ) minutes.
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Fig. )
Caltbration curve (or uranium concentrations frum
0. 1-100 g/L. Dark circlen eapresent Lhe net ura-
nium counta above backiground. Light c¢lrcles
reprasent the ratlo of net uranfum counts to num-
her of hackground countm In an {nterference-free
region 0,1=0.2 nm wide near the uranfum l{ne.

TABLE III. Precision of Uranlum Determination
as a Function of Number of Pulses

Averaged?d
Pulses % RSD / RSD
Averaged Net Signal Ratio
50 13.3 7.9
100 12.2 B.6
200 7.2 5.0
800 4.5 2.7
1600 1.8 1.0

?\easurement made on solutlion contain-
taining 4.2 g uranium/L. Net aignal
relers to area under uranium 409.,0 nm
peak above background. Ratio 1is net
uranium counts divided by counts In a
background region 0.1-0.2 nm wide near
the uranilum line,

We {nvestigated the effect of changes In
dcldity of che solution on the strength of the
uranium signal by varying the nitric 1cid concen-
tration from 1 to 6 M. No effect was found.
Addition of copper nitrate, which abgorbs at the
laser wavelength, to the soluticn produced no
reduction in the uranium signal unti) the absorb=-
ance of the solution exceeded 1.5, Similarly,
the suspension of carbon black {n the solutlon
had no effect until the carbon black concentra=
tion exceeded | g/L. These resulta demonstrata
that the LIBS si.rface excitation ctechnique |{s
little atfacted by othar materlals in the solu-
tlon.

4. Conclusions and Future Work

The use of LIBS to analyze static uranlum
solutions at concentrations of (nterest for
process stream onalysi{s has been successfully
demonstrated. We have constructed a test loop
and flow cell and are presently conducting exper-
{ments on flowing streams. Factors that we are
{nvestigating in:lude the affects of a simulated
{ndustrial environment on analytical performanca,
spectral Interferunce due to other metallic wub=
ntances (for example, zlrconium, aluwminum, stain-
less steel, and filssion products) in the stream,
and calibration methods wultable for in-situ
analysis. Spectral interferences will no doubrt
be sncountered, but uranium has wo many emisasioun
lines that we are confideit that wome that are
lree of finlerference will be tound, The LIBS
technique will also be useful for determination
of other elemants bdesides uranium {n process
stresms, and we plan to investigate {tw applica-
tion to the determination of plutonium, ameri-
olum, thorium, efrconium, and others (n the
future,
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