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LASER-INDUCED BREAKDOWN SPECTROSCOPY: A NEW TECHNIQUE
FOR NONDESTRUCTIVE ANALYS15 OF SOLUTIONS

R. C. Cucmacher, D. A. Cremers, ,{nd J. R. Wachter

Los Alamos National Laboratory, Los AldMOS, Wf 87545 USA

Abstract

Laser-induced breakdown ~pectroscopy has
been applied to the continuous determination of

uranium !n s01ution9. The technique is rapid,

nnn-invasive, and unaffected by radioactivity.

Powerful laser pulses are focused through an

,>ptical access onto the solution surface to pro-

duce a hot spark plasma. In experiments on

static solutions, uranium concentrations between
0,1 and 300 g/L were determined, using a pulsed
Nd:YAG laa.sr and a time-gated photodiode array,

A concentration of L.2 g/L was ❑easured with 1,()%

pr.scision in 3 minutes. Substances that dbsorb

at the laser wavelength, auapended materials, and

variations in the acidity of the solution have
l!ttle Or no effect on the results. Experiments
ire in progress on flowing stremne contained in

.I test loop that slmulatea plant operating con-
dlt!ons,

1. Introducti,~n

Cuntlrluouo measurement 0: uranium concentra-

tions [n Ilqufd streama la necessarv in nuclear
: uol i.yi:le pruressing p~antrn ior crlttcality

.34tety, procene ontrol, and nuclear materials

.Iccuuntancy, rhe $olutiona may contain high
conceotrnt tone of flqslon prnducts ot neutron
omittern that interfere with nondestructive

gamma-~a~, neutron, or x-ray tecitntquee. A tech-

n{que that 1s rapid, non-invaeive, and unaffected

by r(tdlonctfvity and that roqulrea neither samplrn
ltirndli:~g nor preparritlon is daairable, Laaer-
tnduceri break[!own npectroacopy (LIBS) appears to

hnve (Iii of tht?aapropert,l~rn. We IIave inveatl-

gated the appllcot~on of LIBS to the measurement

of uranium ,f)nctmtrations ftr rnolution.
In the 1.[6S ti.chniqua, powerful laser pulaen

:\re focuesd !hrou~h .~n optical acceea oltn the

●rrlut ion surface to produc,a a hot. #park that
vnporizea a small v,jlume of the oolutirrn at~ ~eo-

oraten a high-temperature plarIma conaint!rrg of
olnctronm and ~l,gctronirally excitorf atoms, ‘Tha

pltinma ll~ht ia np?rtrnlly ond tampornlly r@-
~olvad And meaaurmd, uslo~ technlquam of atomic
Pminrnion npectrouropy, In 4 proc’eaniou ;ll~ut,

thfl optical art!en~ C(JUIII h~ A flow (Lnll with ~n

I)ptl(!al]y transparent PI{IIIIUW that III lnaarted

into tha pipe (Jr a t~y-p~sm lwc.p rontiiinin~ tha
flowing Ilnlutloni

W. h~va .I)mpletmd ,Jur orrperimdntrn on ntat[c

qr)lottonn ,tnd .tro nnw Oxperlmenting with flowing

.ttre~ma rt~ntnlnsd In A feat 10CP. ‘T!Ius, our wnrk

In Inc!omplace, but PnOIIMh re~tlltu havo haeo Jh-

tdlned to nhow LIIP fp~m(hillt~ And pot.t+ntidl of
thm Lttts te(hnlqurl dnd to ~unt~(y tlIa praaenta-

tlI~n of lhtn prngrmnm ropnrk,

2, Experimental Equipment and $lethods

A schematic of the experimental arrangement
that we have used for work on static solutions

[3 shown in Fig. 1. Pulses from a Nd:YAG laser
(usually operated at 250 mJ average pu!.se energy,

9 pul~esisecond) created the spark plasmas. Ura-

nium solutione (0.035-300 g/L) in 4 ~ nitric acid
were contained in sealed cylindrical glaso vials,

The laser pulsee were focused on tha surface of
the solution, along d path perpendicular to che

l~qu~d surface, using a SO-MM focusing lens. The

plaema 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 ❑

grating spactromater.
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Fig, 1.
Sct,amatic of the Experlmencal Arran~emeot

fr)r LIBS,

The spectrally reeolved IiHtlt WAS detected
using A dloda array rapid atanniog *pectromecer

sye:em. Tha detector, which cunrrlota of A mlcru-
channel plata image lntanolfior ~!nd llne~r photo-

Jiorfa srray (1024 dloffee in 2!.4 mm), haa ma~:imum
##nOiLiVlty 41 ~tl!f) nrn. rhe datecttrd Nignal wns

tima reaolvacl by .tpplylng a g~ta pulue to tho
lmaKa itrt~nsiflar prrnitlmatf10 front of I.hn

phrrtodiode iirray, Tha time ~lit@r npark loltln-
tior:At which uranium datmctiorr beg~n .tnd the
width of the detactlon window unre cnnt.rollad hy
prcciaoly tlmlnR the gate pula,p r?~ativ~ to thp

Imaar pul-!. Tima renolutlon 0!’ tha pl~nma KIM-.

IIA1 waa u..etl to mlnlmlce dotoct!oo of th~ Ntr{)ng

c’nntinuurn r4dlAtlon At onrly tlnlea ~rtar Mpark

formation.



!feasurernents of the uranium signal were made

by a.~eraging the spectra from a large number of

laser ~parks. The net urauium signal va9 com-
puted as the number of counts above the back-

ground level in a spectral region defined by Jn
emission line (peak t~rea). In some cases, the

net signal was racloed [o a background signal,

computed as the number of counts in an interfer-

ence-free region 0.1-~.2 nm wide near the L1rJniUM

line,

3, Results

The goals of our experiments on static solu-

tions were to optimize the experimental param-

eter, to select strong uranium lines free of

interference, and to determine the detection

limit and concentration range that could be meas-
ured. In previous work with the LIBS techniquel
,)n solutions containing alkali .-tnd ,!lkeline earth

elements, the Ypark was formed i n the hulk

!iquid, This avoided the problem of spark per-
turbation due to surface agitation ~nd spl~shing

that occure Lf the spark 1s formed on the suriace
of the llquid. However, the temperature of the

spark 1s much lower in bulk excitation than !n

surface excltatlon, For uranium solutions, we
found it necessary to use surface cxcit,itlo ,

because spark formation in the bulk of the solu-

tlljn +,~ve no detectable uranium signal, even at

i concentration of 300 g/L, With surtace excita-

tion, i detection limit of (0.1 g/L w~s obtained,
other ,ldvantages of $urftlce excitation tire th~lt

the pldsma ii~ht wlli not be ,lbgorbed by other
lnatorltils in the s(>lljtinn .Ind ttlat $uspenderl
I,,lrticieq will not perturb spark for!notiorr nor
+r;itter the pitzsma ii$ht to ~s great ~n extent,

H{)wever, with qllrt,lce excitation, the qlqn,!l

qtrength 1s qcnsltive to the distance betw, ..11

the focuelng lens ,ind the liquid surf,ace, /\l !,o ,

In .s flow dell, it 19 alwnyn necessary to h.lve
.In air space ,lhove the solution for formation of
the gpark.

The factors e,)nmidered in optimization of

the experimental pnrnrnetore were thr strength of
tha uranium #ignal ~nd ita reproducibility. m.
pararnetara we inveati~szted included ittaer pulse
en,?rgy and repetition rate, focal length of the

iena that focuoed the l~uar pulqee nn the soiu-

tion surface, and the timing of data collection,
~le parnmeter!I W@ conaicferttd Op!lmlJfU #Ire Liatori

In Titble [, Detailed rernulta dill bir publi~hod
filqewheru,

III ~earching fl)r suitable uranium Lines, we
oxdmined the qpectral region from )50-700 nm,
which l’ont~inm ninny ntro!rg uranium lines, Al-

thou~h ~miaeion Ilnen from both rteutral dtornn ,ttld
qin~ly ionized IIrnnillrn wero observed, r.htr ilnea

fr,>m Kingly ionlzwd {Iranium were r,)n#iderfihly

~tronjt~r, The wAval@ngcII# find rel~tivrn intan-

nitien or the Nrrongemt nf thecn lin-e are given

iII ~~hio II. Although f-he ntron~ast ur~niurn line
Ilntsd in the t~hl~ lrI itt )6),0 nm, Lhe #lroIIK@nt

II l~n.4i oht~inod with tlIe ,lit~rje nrray t,a,le trom
II!* hl)~.[)-nrn ilnp, berauna of rhe flre~ter mensi-

IIVity ,)f lhfI d*t@~’tor ‘It lh~t w~voimtl~th, Ac-
.ijrrlln~iy, we llpad tllp /4t)9,{)-nrn I(IIv l’t)r mont t)f

t,br nl*a*\jrem*ntn, FtKur* / .thown d qmali ~mrri,ln
I( rho *pcct rum aurro(lndttl~ ( hln i in*, ‘1’he ur4-

Iium linzIri At 3J+5.5, 111(1,1), ~nd IHh.h nm rnuld

not be used beca,~se of interference by cyanogen

band emission. Cyanogen 1s formed from nitrogen
(in ~ir and solutions) ,~nd carbon atoms (in air
AS carbon dioxide) that combine in tire cooling

spark plasma.

TABLE I. ‘Optimum Experimental Parameters

Laser

!Jd : YAG - Wavelength 106L nm

Surface excitatio,l

Pulse width 15 nsec

Pulse energy - 250 mJ/pl~lse

Repetition rate - 9 Hz

Focusing lens - jO mm focal length

Time Resolution

Delay - 10 ]sec

Window - 200 ;aec

TABLE II. Some Strong Uranium Lines

Obnerved in a Laser Spark(l

W~velength Relati,~e

(nmj Intensit~—— .—

367,C 1,00

170.2 U,bl

)78.3 0.57

)83.1 ‘).44

~n5,5b --

ltIb,ob ..-

]86.I “ --

)89.U 0.4.2

393.2 (),91

406. J ().]1
/409 ,() 0.92
/,~1,~ (), )1

!417,2 9.4b
52/,.2 0,50
424,4 (),AJ

Llfi,2 (),)/+

;6J6.Z ,),JI,

J:+r,2 ,“1,2)

/451,5 :),11

f4y!4.4 l), )[)

462,7 (),1(1

fdrilb , / :),()/>
/,58,9 (),()8

.—- -

‘lMe*aur*mnntm wera madti on d 11) M/14 *OIU

t lono l%e npactrfil r~npon~o Of Lhn ,1P
latt ion *ynLcm wan (’.+1 ihr~red I*itlg !1
l!ln~~ten fii~mellt radinn{:r <!,indttrd I,tmp.



TABLE III. Precision of Uranium Determination
,Js a Function of Number or Pulses

,\verageda

UII 409.0
I

I I

UII 4116

I

~~

400 408 410 412

WAVELENGTH. NANOMETERS

Fig. 2.

Spectrum between fI06 and 413 nm, obcalned From a

9olutlun containing 10 g uranium/L in & N nitric

~cld, Prominent uranium lines are marked:

A cdllbratlon curve (Fig. 3) of the net ln-
tenslty of the 409.O-nm signal vs u:anlum concen-

craclon [9 nearly linear over the r~nge ().1-100

8/1. The preclslon ot the method wae det~rml’ed

It a concentration (of 4.2 u/L, from spectra /b-
t.llned by ~ver##lnR 50, 100, !00, 800, ,~nd ’600

lpnrks. Ten rcpllc;lte mea9urement9 were made

for each c~.ee, Tile results Are preqanted in

Tflble 111. In cuch cr19e, the hlgheet I]reclslon

1s (Jbtnlned when the urnnium qlgnal 1s rntloed

tn background. A preclelon of 1.0% RSD wae .Ib-

t-ined when lbOO stmrko were .lveraEod, curra-
spondlnR to o measurement clmc of ) minutes,

01 I 10 100 1000

COtKINTRAT~, o/L

Pulses % RSD i RSD

Averaged Net Signal Ratio

50 1;.3 7.9

100 12.2 8.6

200 7.2 5.0

!300 4.5 2.7

1600 1.8 1.0

—
,=1

?[easurement made on soluclon contaln-

Laining 4.2 g uranium/L. Net signal

re:ers to area under uranium 4G9,12 nm
i~eak above background. Ratio i9 net

(Iranium councg dlvlded by counts in a

background region 0.1-0.2 nm wide near
the uranium line,

We investigated the effect of changea In

~cldity of the solution on the strength of the

uranium signal by varying the nitric ~cid concen-
tration from 1 CO 6 M. No effect waa found.

Addition of copper nltrata, which abaorba at the

lager wavelength, to the aolutlon produced no
reduction in the uraniltm glgnal until the abaorb-

.Ince of the aolutlon exceeded 1.5, Slmllarly,

the suspanalon of carbon black in the aolutlon

had no effect until the carbon black concentra-
tion exceeded 1 g/L, Theee reoulca demonstrate

chat cha L[BS a~rfacc axcl~ation technique 1s
Little atfacted by other ❑acerlalc in tha solu-

tlon,

4. Conclualonm and Future Work

Tha uso of L[BS to analyzn etatlc uranium
solutlona at concentrations of lnteraat for
proceoa ecraam ,:nalyola hag baen succaiafully

demonacrated, Wa have conatructtd a taat loop

and flow cell and ● re presently conducting axper-
lmcntn on flowing atraama, Factors that wa ore
invaatigatlng ln:luda cha affecca of a simulated

lnductrial ●nvironm~nc on analycicnl performance,

spectral lntarfor~nce dua to othar metallic rnub-
❑t~nceo (for exampla, zirconium, alurnlnum, Oteln-

leaa eteal, and flaaion producto) in the ~trenrn,

find calibration mathodo #ultabla Eor in-sltll—.
,Inalyela. Spectral lnterforencoo will no doubt
ha encountered, but uranium haa no muny amimaiun

lin~fi that wa ara confidelt that #ome that ~lre
[rea of’ inltrfaranca Mill ba (ound. The L1liS

technlquo will alao be uaaful for detarminatiun
!) f othar clmmant- baildea uranium III procemti

#tr@nma, and wc plan to invaatignte il~ AI)IIliL’a-

tion to thn ,iatarmination of plutonium, (tm*ri-

rium, thorium, zirconium, and others i 11 Ltla
f~lturai
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