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FOREWORD

This report assesses the pcssible areas cf application of laser-based
analytical messurement methods for acccuntability, process control, and
effluent control in nuclear-fuel processing plants. This study was funded
under subtask 820.6 of the Thorium Fuel Cycle Technology Program. This
Department of Energy program is administered by the Fuel Cycle Program
Office at Savannah River. The technical management for this program is
the responsibility of the Savannah River Laboratory, which is operated
by E.I. duPont de Nemours and Company for the Depariment of Energy. This
report is submitted in fulfillment of milestone 1 of subtask 820.6.

I would like to acknowledge the support and cooperation of the staffs
of the Savannah River Laboratory and Savannanh River Plant in compiling
this report. In particular, I would like to thank Dr. R. S. Swingle, II
who was instrumental in initiating this program and for providing the
technical management for it. I would also like to acknowledge helpful
discussions with Drs. M. C. Thompson, J. C. Eargle, Jr., D. A. Orth, and
G. H. Sykes concerning the operation and monitori-g requirements of a fuel

processing prlant.



ABSTRACT

The use of laser-based analytical methods in nuclear-fuel pr cessing
plants is considered. The species and locaticns for accountability.
process control, and effluent contrcl measurements in the Coprccessing.
Thorex. and reference Purex fuel processing operaticns are identific? and
the ccnventional analytical methods used for these measurements are
summarized. The laser analytical methods based upon Raman. absorptien,
fluorescence, and nonlinear spectroscopy are reviewed and evaluated for
their use in fuel processing plants. After a comparison of the capabilities
of the laser-based and conventional analytical methods, the promising
areas of application of the laser-based methods in fuel processing plants

are identified.



TNTRCRUCTION AND SUMMARY

This report considers the potential use of laser-based analytical methods
for accountability, process control, and effluent control in a nuclear-fuel
processing plant. A wide range of laser-based methcds are available, some
of which can be uged for on-line real-time measurements of atomic and molecular
species while other methods are best suited to off-line measurements using
very small sample sizes. The laser spectroscopic methods have a very high
sensitivity for low-level detection, and are expected to require little or
no sample preparation. Finally, laser-based methods are available which
permit the measurement of specific isotopes cor molecular forms of a given
elemental species.

In the first chapter of this report, the important species and their
measuremert locations fcr accountability, process ccntrol, and effluent
contrel in a fuel processing plant are identified. The conventional analytical
methods presently used in fuel processing plants as well as additional
metliods which are under development for future application in lhese plants
are summarized in Chapter 2.

In Chapter 3, the analytical use of a number of laser spectroscopic methods
is reviewed; and the potential use of these methods in fuel processing plants
is evaluated. The laser-based methods which are considered in this report
can be grouped into four general categories:

I. Raman scattering
1. Spontaneous Raman scattering

2. Coherent anti-Stokes Raman scatterlng
3. Stimulated Raman scattering

II. Absorption spectroscopy
1. External absorption spectroscopy
2. Optoacoustic spectroscopy
3. Intracavity sbsorption spectroscopy



IIIl Fluorescence spectroscopy
1. Atomic fluorescence spectroscopy
2. Molecular fluorescence spectroscopy
IV. Nonlinear spectroscopy

1. Satvura‘ed absorption spectroscopy

2. Two-vhoton spectroscopy
In the final chapter of this report, the laser-based analytical methods are
compared with the conventicnal methods to determine the promising areas for
the development of laser-based analytical instruments for use in nuclear-
fuel processing plants.

A number of highly accurate analytical methods have been developed for
use at primary accountability points, and on-line non-destructive assay (NDA)
methods are being developed for use in process streams, For these reasons,
the laser-based methods are probably best suited for use at secondary account-
ability points such as first cycle process streams and liquid waste streams
where the SNM concentration is low. At these points the high sensitivity
and rapid response of the at-line or on-line laser-based methods will help
to close the material balance for accountability. When "spiked" cr Civex
fuel cycles are considered, the laser-based methods should successfully
compete with the conventional NDA methods for accountability measurements
in s.cond and third cycle process streams.

The process control applications of the laser-based methods include:
the measurement of the loss of ursiium and plutonium to the agueous waste
streams; the measurement of plutonium in its various oxidation states as
well as the measurement of the concentrations of oxidizing or reducing
agents used for plutonium valence adjustment; the measurement of solvent
degradation products in first cycle process and acid wash streams; and the
measurement of actinide element impurities in product solutions. In the

area of effluent control, the high sensitivity of the laser-based methods
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will permit cn-line real-time measurements of HTO, >

possibly 85Kr at various points in the off-gas control sysiem in a fuel
pr-cessing plant. Additionally, measurements of specific fission preduct
and actinide elements present in the high and low activity waste streams
may be made using the laser spectroscopic methods.

The high sensitivity, selectivity. and speed of the laser-based
anglytical methods have been demonstrated in numercus applications cutside
of the nuclear fuel cycle. The application of these methods to measure-
ments in nuclear-fuel processing plants will greatly imprcve the respense
times for critical process and effluent conirol measurements, will improve
dynamic accountability measurements at secondary process and waste streams,
and will improve the measurement sensitivity for low-level species in
gaseous and liguid etfluent streams. The use of active stabilization and/or
parallel data acquisition techniques should permit these measurements to
he made with a precision and accuracy comparable to that of the conventional
analytical methods. Thus the laser-based analytical methods offer exciting
possibilities for an improved measucement capacilily in nuclear-fuel

processing plants and elsewhere in the nuclear fuel cycle.



1. Summary of Impcrtant Species and Locations for their Measurement in a
Nuclear-Fuel Processing Flant
1.1 Introduction
Since the specific flowsheets for the Thorex and Coprocessing sclvent
extraction processes for irradiated light water reactor (IWR) fuel are
still in the definition stage. this discussion ¢f the menitering require-
ments (species and locations) in a nuclear-fuel processing vlant will deal
primarily with operating experience at the dufcert Savannah River Plant
(SRP). Additional monitoring species and loecati 'ns which may be necessary
or desirable for processing of the higher-burn-ur LWR fuels will also be
considered. As the technical data summaries for the specific prccesses
become available, the specific monitoring requirements will become better

defined.

1.2 Species and Measurement Locaticns for SMM Acconntability

Presently two general approaches are used for the accountability of
special nuclear material (SNM) in a fuel processing plant [1.1]. The first
is based on the measurement of the total weight or volume of material and a
laboratory assay of a representative sample to determine the SNM concentration.
This sample assay can be performed by a variety of techniques which include
alpha counting, absorption edge densitometry, coulometry, gamma ray counting,
gravimetry, isotope dilution mass spectrometry, fpeutron activation analysis,
and x-ray fluorescence 1.2, 1.37. Presently the standard low-precision
method for the analysis of plutonium is alpha counting, and the standard
method for the isotopic determination of uranium and plutonium is mass
spectrometry. The total measured guantity of SNM (fissionable uranium and

plutonium) is then determined by multiplyirg the weight or volume of



material by its SNM concentration. This measurement approach is generally
applied to homogenecus materials which are well characterized and which can

be accurately sampled.

The second measurement approach is that of counting the nuclear radiation
(induced or spontaneous neutrons or gamme rays) emitted from the total quantity
of material. This approach is especially useful for the measurement of SEM
in materials which are eithar inhomogeneous cr inaccessable (e.g. solid scrap
and waste and the residual hold-up in processing equipment after run-out or
clean-out).

In a fuel processing plant, primacy and secondary accountability points
have been designated [1.4]. The primary accountability points are located in
areas of major material flow and in areas where SNM exists in a relatively
pure chemical form (e.g. the input dissclver solution and the output product
solution). The waste streams, minor side streams and solid wastes where SNM
does not exist in a pure form or where the SNM concentration is low have been
designated secondary accountability points. The primary accountability points
will utilize on-line measurement methods for timeliness and for backup while
off-line measurement methods will be used for their high accuracy. The eventual
goal for an accountability system is to use automated non-destructive assay
(NTA) measurements at all accountability points when high accuracy NDA methods
have been developed and demonstrated.

The measurements for SNM accountability in a fuel processing plant are
listed in Table 1.1. The measurements for a thorium fuel processing plant will
be similar to those listed in Table 1.1 with additional measurements of pro-

tactinium-233 required in the input and waste streams to account for the

uranium-233 which will be generated by decay.
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Table 1.1. SNM accountability measurements in a fuel preccessing planta

Input Analysis (Primary)

U

&

geEs

determination in dissolver solution (total sclution weight or
volume and % U)

determination in gissolver solution (total scluticn weight or
volume and % Pu)

isotopic determination in dissolver solution
isotopic determination in dissolver solution
determination in return scrap solutions

determination in return scrap soluticns

Output Analysis (Primary)

U
Pu
16)
Pu

determination in output U02(N03)2 (total solution weight and % U)

determination in output Pu(NO,)), (total solution weight and % Pu
3/h

isotopic determination in output solution

isotopic determination in output solution

Waste Stream Analysis (Secondary)

gege

determination in liquid wastes
determination in liquid wastes
determination in insoluble solid wastes

determination in insoluble solid wastes

)

Analysis of Wash Acid (Secondary, used for annual or semiannual plant cleanup)

U
Pu

determination (total acid weight, % U, and isotopic)

determination (Total acid weight, % Pu, and isotopic)

a
Reference 1.5

1-3



Mass spectrometry is the principal method used for measuring the iso-
topic abundances of plutonium and uranium. This isotope measurement is
required in all material-balance accounting systems in order to balance both
the element and the fissile-isotope inventory [1.1]. A measurement of iso-
topie abundance is also reguired in order to compare the results of measure-
ment methods which are isotope selective (e.g. alpha or gamma counting) with
those of elemental measurement methods (e.g. wet chemistry and x-ray
fluorescence ).

The chemical-analytical techniques which are presently used or applicable
for use in fuel processing plants have been reviewed 1.2, 1.3, 1.5-1.8] and
will be summarized in Chapter 2 of this report. The majority of these
analytical methods involve manual operations which are complex and require
a trained technician or chemist. For these reasons, any falsificatinn of
analytical measurement results would be difficult to detect. Therefore the
thrust for future accountability measurements is towards automated on-line
analyses for which the falsification of results will be much more difficult
and the potential for human error reduced. However, these on-line measure-
ment methods will most 1likely still be calibrated using standards which
have been characterized by the more accurate and reliable off-line

methods [1.973.

1.3 Species and Measurement Locations for Process Control

1.3.1 Head-End Operations

A generalized flowsheet for the head-end operations in a Coprocessing fuel
precezsing plant is shown in Figure 1.1. The Coprocessing head-end operations
are similar to those of a conventional Purex plant. The head-end operations

for the Thorex process, on the other hand, will be different in several

important respects:
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Figure 1.1.

Head-end operations for nuclear-fuel processing 71.107.



1. The planned voloxidation of uranium fuels to release tritium as
tritiated water relies on a change in crystalline structure in
the oxidation of U02 to Uéos which occurs at a relatively low
temperature {~ 400°C) T1.11]. 4 similar voloxidaticn process does
not occur with ThOe, and it may be necessary to heat the ThO2 fuel
to a very high temperature to release tritium by diffusion. Studies
cn these differences are currently underway at the duPont Savannah

River Laboratory {(SRL).

2. In past experience with thorium fuels at SRP the addition of a fluoride
ion catalyst (HF) tc the dissolver solution was required to obtain
an accpetable dissclution rate {1.12]. To improve dissolution, the
addition of MgQ tc the fuel in the manufacture of fuel pellets has
been pl-.nned in the preliminary Reference Thorium Fuel Cycle [1.13].
However, the use of a fluoride catalyst in the dissolver tank may
still be required for fuel dissolution. Studies of the dissolution
of thorium fuels are also planned av SRL.

The measurements in the head-end operations (dissolver solution and

adjusted feed) which should be considered for process control in a fuel

processing plant are listed in Table 1.2. The off-gases released in the

head-end operations will be discussed in the section on off-gas monitoring
{Section 1.4.1), The concentration of fissionable isotopes in the dissolver
tank are measured and when necessary are balanced by the addition of a neutron
poison (gadolinium) as a nuclear safety control T1.147. A measurement of

the % Pu{IV) and valence adjustment to Pu{IV) is necessary in the first

cycle feed (LAF) to ensure efficient extraction into the solvent thereby
minimizing the loss of plutonium to the agueous waste stream (LAW). A

measurement of the neptunium-237 concentration is required so that proper



Table 1.2.

Megsurements in the head-end operation for process control.

Species

Measurement

Coprocessing
Preocess

Thorex Process

BEPyYYES

Np-237
Pa-231, 233

concentration
isotopic composition
concentration
isotopic composition
% Pu(IV)
concentration
concentration
concentration
concentration

y activity

solution density
concentration
concentration
solution temperature

solution flow rate

LI

E

LI T A ]

XX XM oM oM oMK K
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steps can be taken to isclate i% from the second and third uranium cycles.
This is necessary to insure that the uranium produet solution will meet the
alpha decontaminatio: standards (the prcpused specification is < 25-50
alpha disintegrations per minute per gram of uranium [1.157). A measurement
of the protactinium concentration in the Thorex process may be required for
this same reason. Additionally, a determination of the protactinium-233
concentration in the Thorex process will he reguired for future recovery

of its decay product uranium-233.

The data in Table 1.3 give an indication of the concentration and i-.otovic
composition of the Ccprocessing dissolver solution when irradiated LWR fuel is
processed. The typical expected composition of irradiated fuel in the Reference
Thorium Fuel Cycle is shown for comparison in Table 1.h4.

If voloxidation or a similar process is used, the concentration of
tritium in the dissolver solution is expected to be very small. Measurements
of voloxidized spent uel on a laboratory scale have indicated that voloxidation
reduces the tritium concentration in the dissclver solution by a factor of th
or more over that measured for dissolved UO2 fuel [1.17]. If tritium water
recycle is used as an alternative to voloxidation, measurements of the tritium
concentration in solution will be required to limit the maximum tritium
concentration to ~ 2 Ci~z-1(~ 10'uM) for safety reasons and effluent control

(1.28]. The measured tritium concentration in a IWR fuel dissolver solution

in the laboratory was 0.075 Ci-2-(3.6 x 1070M) r1.197.

1.3.2 Solvent Bxtraction

A generalized solvent extraction flowsheet is shown in Figure 1.2; and a

possible tiowsheet for Coprocessing is shown in Figure 1.3. This Coprocessing



Table 1.3. Composition of dissolver clution for H, B, Robinson
fuel (Purex).®s

Species i Total Ccnecentration

Ure = . - :“,—1

Isotopic composition (atom %)

233y 0.03

234y 0.02

23% 0.67

236y 0.3u

238U 98.9h
Plutoniun 2.56 g-27t

Isotopic composition (atom %}

2385 s

239 s6.5

Qb'oPu 2h.6

Myp 120

242 5.3
23y, 0.127 g-47*
M, 0.055 g-¢t
2oy 0.00013 g-¢™*
b ' 0.0067 g-2~%

82.55% U-235 enrichment, 28,000 M{D/MTHM average burnu
b
Reference 1.16.
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Table 1.4, Typical irradiasted fuel composition for the reference thorium
fuel cycled

Composition of

Species Irradiated Thorium Fuel
Total Thorium . 79.16% (by wt.)
233U 1.08
235y 1.79
238U 17.69
Total Fissile Plutonium 0.28

Bgeference 1.13, p. 12,

Prrradiated to 29,000 MD/MIHM.
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scheme is simpler than either the Purex or Therex processes in tha® nc further
processing of the uranium-plutonium stresm is required after partitioning in
the 2B bank [1.217.

The possible measurements for the solvent extracticn process are listed
in Table 1.5. Measurements of the uranium and plutcnium ccencenirations in
process streams are required for preper process operation and alsc for nuclear

safety. Measurements of the concentrations of uranium and especially plutonium

in the agueous waste streams will give the first indication of improver operation

of the sclvent extraction banks. Measurements of the uraniwm ccncentration in

the 1BP plutconium and 1BPT thorium streams and plutonium cr therium in the 1BU
uranium stream are required for optimum partitioning in the 1B bank as well as
assurance that the product will meet specifications and thereby minimize recycle.
Proper valence adjustm nt of plutcnium is required to maintain its loss
to the aqueocus wasbe streams at or below the design guidelines (¢ 0.05% loss to
any waste stream) and to permit it to be stripped from the solvent at the
specified points (1B, 2B, and 3B banks in Figure 1.2}. These valence adjustments
are accomplished by the addition of reducing agents (e.g. hydroxylamine

nitrate (HAN), ferrous sulfamate (FS), or U(IV)) or oxidizing agents
N
is required, for example, tc assure a complete conversion tc Pu(IV), while

(e.g. NOJ) to the process solution. A slight excess (~ 0.0l M) of nitrite
a large or variable excess cnn be detrimental. A large excess of nitrite
could consume a portion of t:2 reductant in the 2B contactor and could lead
to plutonium reflux [1.22].

For Coprocessing the pl :tonium/uranium ratio must be closely controlled
to simultaneously meet the r-quirements for mixed oxide (MCOX) fuel rod

fabrication and safeguards c nsiderations. These requirements require the



HT-1

Table 1.5. Measurements for solvent extraction prccess ciontrol.

Species Measurement Coprocessing Thorex Prccess
u concentration X x
Pu concentraticn X X
Pu valence b d b4
Pu, U Pu/U ratio x
Th concentration x
Np-237 concentration X b3
Np-237 valence b'e x
Pa-231, 233 concentration X
Gd concentration x b4
HNO concentration x X
Redécing agenta concentration X 4
Oxidizing agent concentration X X
(HNOEI)aq concentration in sclvent streams x x
TBPC concentration in aqueous streams X X
TBP concentration in solvent streams X X
solvent degradation
products concentration X x
-—= oy v activity b's X
-—-= solution density X X
-— solution temperature b'Y x
- solution flow rate X X

®ydroxylamine Nitrate, Ferrous Sulfamate, or U(IV).

b, -
NO2

®rributyl Phosphate

9Dibutyl Phosphate, Monobutyl Prosphate, and FO[>.



Tlutcniwe/uranium ratic tc be in the range of ~ 5-11.7% 71.157. A higher

ratic may possitly be used in process streams with dilution by uranium 1

n

the final product solution.

A measurement of the neptunium concentration and valence in the first
cycle is required since Np{TV) and (VI) are cc-extractable with uranium and.
if present in large amounts, can give “he uranium product s-luticn an
unacceptably high alpha activity thereby necessitating uranium recycle. The
current conceptual design for LWR fuel processing assumes that neptunium will
be rejected to the 1AW’ waste stream after valence adjustment to Np(V) with
nitrous acid (1.23]. Similarly, special measures such as the addition of
phosphate ion (P0;3) to the scrub may be required to provide decontamination
from protactinium-231 and -233 in the thorium fuel cycle.

A close control cf the concentrations of nitric acid in the aqueous
streams and tributyl phosphate (TBP) in the solvent streams as well as

minimizing cross contamination of the aquecus and solvent streams is required

for optimum performance of the solvent extraction process. In adiition, the

presence of flammable solvents in the high level liquid waste (HLLW) streams
should be minimized since it poses a potential fire hazard.

Solvent degradation products (e.g. dibutyl phosphate, monobutyl phosphate,
PO,:3 and n-butanol) are present in the first cycle solven:t streams and the acid
wash streams due to radiolytic decompesiticn of TBP and should be monitored due
to their effect on the solvent extraction process. For example, the presence

of dibutyl phosphate (DBP) in the first cycle solvent streams has been shown

to decrease the decontamination for Zr-Nb [1.2L],


http://urar.i-j.-r

1.4 3Species and Measurement Locations for Effluent Contrcl

1.4.1 Off-Gases

The atmospheric releases of radionuclides from fuel reprocessing plants
are greatly reduced by the use of effluent control systems and will be even
further reduced as improved effluent control systems become available. The
present cr proposed systems for off-gases include voloxidation and trapping

th (as COE)’

fcr tritium (MTO) removal, fluorocarbon absorption of 85Kr and
volatilizaticn of iodine (as 12912) from the dissolver solution followed by
sorption in a scrubber system, and improved filtration for particulate removal

n

"

51,

The off-gases (voloxidizer, dissolver, vessel, and waste sclidificaticn) in a
nuclear-fuel processing plant contain quantities of NO, (principally as NOZ)’

HTO, 1&002, 8 l29I2, and particulates containing fission products and

transuranics., In order to determine the monitoring requirements in off-gas

Kr,

effluent control systems, order-of-magnitude estimates have been made for the
femperature and off-gas compositicn at various stages of the off-gas system of
a prototype fuel processing and waste solidification facility [1.26]. These
estimates are reproduced in Tables 1.6, 1.7, and 1.8.

Although not listed in Tablie 1.7, low concentrations of TBP vapors are
expected to be present in the vessel off-gases and air cleaning processes are
being developed to remove these vapors [1.27]. In addition, fluorine will
probably be present in the dissolver and HLLW solidification off-gases in a
Thorex plant.

The estimated concentrations of Nox, 85Kr, 3H, 129I, and 106Ru in the main

stack gas are listed in Table 1.9. According to regulatory guidelines and recent

1-16



LTI-T

Table 1.6. Estimated dissolver off-gas composition®’®
Measurement Measurement Location
After After After After
After After Condenser- Hegter & Todine Rare Gas
Digsolver NO, Absorber Demister Filter Adsorber Recovery
Temperature (°C) 50 50 25 100 80 25
N, (vol. %) 82 86 % 9% 9% 99
Hgo (vol. %) 12 12 3 3 3 ---
O, (vol. %) 2 0.5 0.3 0.3 0.3 -—-
Br (ci-en™3) 2 x 10 2 x 10t 2 x 10 2 x 100 2 x 10t 1
(atoms-cm™3) 5 x 1044 5 x 1044 5 x 10M4 5 x 1014 5 x 1014 3 x 1013
HTO, HT (uCI-cm'3) 6 x 1072 6 x 1073 6 x 107 6 x 107 6 x 107" ---
(0L, ~em™3) 2 x 102 2 x 10+t 2 x 10t° 2 x 1089 2 x 10%° —--
11+002 (1Ci-cm™3) 1x 103 1x 1073 1x1073 1x 1073 1x1073 —--
(2ol .-cm™3) 1 x 10'3 1 x 1043 1 x 1043 103 1 x 1?3 —
189 (uot-en3) 107 x 107 107 6 x 107 x 107 —-
(mol.~em™3) 1012 x 1057 1042 1 x 10 1 x 1082 .-
Particulates (Ci-cm™>) 1 x 1073 x 107" 1076 1077 1x 1077 ---
(ug-cm” 1 x 1073 07" 107 1w’ 1x107 —--
a. Reference 1.26, p. 8.
b. Estimated flow rate 170 NmS-hr ¥ or 100 scfm.
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Table 1.7. Estimated vessel off-gas composition.a’b

Measurement

Measurement Location

After After After After
Combined Streams to After NOx Condenser- Heater- Todine NO,
Wy Absorber Absorber Demister Filter Adsorber Reactor
Temperature (°C) 50 50 25 100 80 250
N2 (vol. %) 66 66 75 75 75 75
0, (vo1. %) 19 19 20 20 20 20
H,0 (vol. %) 12 12 3 3 L
o, (vol. %23 L 0.55 03 o3, 03 5 x 10'2
HTO (,Ci-cm ) 2 x 107 2 x10° 2 x 107 2x 10 2x10° 2 x 107
{mol . -cm™3) 6 x 107 6 x 100 6 x 107 6 %100 6x10 6 x 107
1-129° (uc1-cm’3) 1x 1078 1 x 10’8 1x 10'8 1x 10'8 1x 10 1x 107
(mo1-cm ™) 1 x 10t 1x 107t 1x 10t 1x 10t 1 x 100 1x 18
Particulates (uCi-cm—B) 1x 1073 1x 107 1% 1070 1x10°7 1x 1077 1x 1077
(Lg-en) 1x 1073 1x 107 1x 10 1x107 12107 1x107
a. Reference 1.26, p. 9,
b. Estimated flow rate 8500 Nm3-hr Tt or 5000 scfm.

e. 50% as I, 50% as organic iodides.
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Table 1.8. Estimated HLIW solidification off-gas compositicm.a’b

Measurement Measurement Location
After After . After After Ru After Todine
Calciner Serubber After NOx Adsorber and Adsorber and
Filters K.0. Fot Condenser Removal Filter Filter
Temperature (°C) 350 70 25 25 3¢ 35
N, (vol. %) 50 52 T T4 Th U
0, (vol. %) 15 16 22 22 22 22
H0 (vol. %) 35 31 3 3 3 3
-2 -2 -2 -2 -2
No, (vol. %) 0.1 5 x 10 3 x 10 2 x 10 2 x 10 2 x 10
1062, (Lci-em3) 5 5x 107 5 x 1073 5 x 107 5% 1070 5 x 1070
(mol .-cm™3) 1x1083  1x10% 1 x210% 1 x 107 1x10° 1x10°
¢ . -3 -1 -1 -2 -2 -2 -2
O {Ci-em ) 1x10 1x10 1x 10 1x10 1x 10 1x 10
(mol.-em™3) 3 x 10%° 3 x 10%? 3 x 104 3 x 10%% 3 10t 1 x 107
C
12912 (uCi-cm'3) 6 x 10'8 6 x 108 6 x 1078 6 x 10'8 6 x 107 6 x 1071t
- 12 ¢
(mol.~cm™3) 1 x 104 1 x 10%° 1 x 10¥° 1 x 105 1x 0% 1x1c?
Particulates ( Ci-em™>) 7 x 10-1 7 x 107 7 x 1070 7 x 1077 7% 1077 7 % 10710
- 5 - -7 - - -1
(pg~cm3) 7 %107 7 x 107 7 x 107 7 x 1070 7 x 1070 7 x 107

®©

Reference 1.26, p. 10,
b. Estimated flow rate 170 Nmd-ar > or 100 scfm.

c. Assuming voloxidation is not used.



Teble 1.9, Estimated main stack gas composition.

Species Concentration Reference
uCi/cm3 atoms-or mol-ca™3 ppm
1,
Ne, - 1 x 107 5 a
85 2 x 1073 x 10°° x 1073
Kr 8 x 1073 2 x 1011 x 1073 b
2 x 1077 x 100 x 1077
HIO, HT 3x 104‘ x 10%° x 10'“
-1 -
129, 1x 1072 2 x 107 x 1077
2 3 x 107 x 10 x 1077 b
o
106, 1 x 10-10 2 x 10 _— a
Ru 1x 1072 2 x 10° —

8Reference 1.26, p. 11

PRreference 1.28, p. 11
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EPA standards, the release of particulates, tritium, I-129/131, Kr-85, and
alpha transuranics should be monitored on at least a periodic basis [1.26].
Additional measurements at each stage of the plant's effluent contrcl system

are required for proper control of the various stages.

1.4.2 Liquid Effluents

The high-level liquid wastes (HLIW) from the fuel processing plant may
be concentrated and stored at the plant site for a year or more o permit
the short-lived fission products to decay befcre further prccessing [1.257.
Alternatively, the HLLW may be solidified immediately after generation
M1.29]. Present federal regulations require these HLLW wastes to be
solidified within five years after their generation., The expected composition
of the HLIW stream at the Allied-General Nuclear Services (AGNS) Barnwell
plant is shown in Table 1.1G. Mcnitoring of the waste strezms and stored
wastes is essential for proper process control, for minimizing environmental

release, and also for insuring the integrity of the waste storage tanks.



Table 1,10 Expected composition of the AGNS Barnwell HLLW streams

Total Abundance Concentration
Crigin Constituent grams per MT U e
Dissoluticn Aeid HNO3 p— ~ 1
Fission Products Se 4.k 0.00C3
Br 13.7 0.0003
Fb 3n7 0.0071
Sr 828 0.0166
b4 L6 0.0082
7r 3,710 0.072
o 3,560 0.065
Te 822 0.0L6
R 2,330 0.0L1
Rh 505 ©. 0086
©d 1,520 0.025
Ag 8z C.0013
cd 136 0.0021
In 1.2 0.00002
Sn 25.7 0.00038
Sb 10.8 0.00016
Te 525 0.007k
Cs 2,606 0.034
Ba 1.750 ¢.022
ia 1.320 C.C167
ce 2,540 0.032
Pr 1,280 2.016
Nd 1,180 0.C51
m 35.6 0.0004
Sm 1,010 0.0M18
Eu 17h 0.002
Gd 122 0.001%
To 1.8 v.00002
0.46
Actinides ] 10,000 0.07L
Np 482 0.0036
u 100 0.0007
Am 525 0.0038
tm 2h 0.0002
0.0823
Im;urities and
Corrusion Na 100 0.0077
Fe 2,000 0.063
Cx 200 0.0068
Ni 8c 0.002k
0.080
Soluble Nuclear
Poison Gd 9,000 0.1607
TBI Decomposition o 2,000 0.037
4 55,376

a. Reference 1.30
b. Based on one metric ton of 35,000 MWD/MTHM fuel processed after 150 day

cooling period.
c. Waste contained in 150 gal (568%).
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2. Summary of Couventional Analytical Me-hcis in Use cr Proposed for Use

in Nuclear-Fuel Processing Flants

The in“ent of this chapter is *c briefly summarize the principal analyt-
ical methods which are presently in use in nuclear-fuel processing plants and
those which are being developed for future use in such plants. In Chapter U4
these conventional analy:ical methods will be ccmpared with the laser-based
methods which show promise for use in fuel orocessing plants. A more
detailed explanation of the conventiocnal methods and analytical terhnioues
can be found in one or mcre of the many reviews and catalogues of the

varicus methods 72.1-2.127.

2.1 Methods for the Determination of Uranium and Plutonium

The analytical methods used for the determination of uranium and plutonium
for accountability and process contr~1 in a fuel processing plant can be
classified as either off-line chemical methods which regquire separations
and manipulations of the sample, or cn-line non-destructive assay (NDA)
methods. The off-line chemical methods are proven and reliable and are
generally very precise as far as the chemisiry goes, but are subject +o
sampling errors and are time ccnsuming 2.57. The on-line NDA methods,
on the other wand, are nct as widely applicable as the chemical methods
and must be calibrated with standards characterized by the more reliable

chemical methods.

2.1.1 Mass Spectrometry

Mass spectrometry is the most important method for the determ: 1ation of

the isotopic concentration of uranium and plutonium in irradiated fuel [2.6].



The use of thermal-ionization mass spectrometry permits a measurement of <he
isotopic abundances of uranium and plutonium for accountability in a fuel
processing plant. From these measurements, the effective atomic weights of
uranium and plutcnium are alsc calculated for use in later calculations
involving the results cf the various element specific methods 2.7]. The

use of isotope-dilution mass spectrometry, in which the sample is spiked with
233U, 23&U’ 2h2

an accurately known amount of a selected isotope (e.g. Pu,

k s s .
2k Pu) prior to the chemical separation stage, permits a quantitative deter-
mination of both the isctopic abundance and total concentration of
uranium and plutonium.

The chemical separation of uranium and plutonium from each other and

from other actinides in the sample is necessary since interferences in mass

spectrometry occur from icns having the same m/e ratio (e.g. 238U and 238Pu,
2h1, . 2h1 R . . s
‘m and Pu). The chemical separation of the analyte species from fission

products prevents contamination of the mass spectrometer and elinina<tes inter-
ferences from the alkali elements (especially K polymers). This separation is
performed by solvent extraction and/or ion exchange methcds and is time
consuming.

Very accurate and precise mass spectrome’ ric measurements can be made
with nanogram to microgram quantities of uranium and plutonium. The precision
for mass spectrometry can be as high as 0.01 *o 0.02% relative standard
deviation (RSD) for the major isotopes of uranium zand plutcnium in well char-
acterized standard solutions but decreases with isotopic abundance tc ~ 1%

RSD for a relative isotopic abundance of 1% [2.7]. The use of alpha counting

provides a more accurate measurement for 238Pu when this isotope is present at

a relative abundance of less than 0.7% (2.71. However, for high-burnup LWR



fuels the isotcpic abundance cof ?3un is expected “c be in the range of
1-2%, [2.137, thus making mass spectrometry the preferred method for the
measurement of this iscteope at primary accountability pein*s for LWR fuel
processing.

The high cost and complexity of the mass spectrometer as well as the
long measurement time have generally limited its use in fuel processing
plants tc primary accountzbility points (input dissclver sclution and cutput
product sclution). The isotopic compositiocn and concentra‘ion of uranium
and plutonium in dissolver solations are generally determined by thermal-
ionization and/or isotope-diluticn mass spectrometry 72.67. Mass spectro-
metry is also used to determine the isctoplc composition cf these elements
in product solutions. In this case the ccncen“raticn of uranium and plutenium
in these product solutions is generally determined by titrimetry or

gravimetry.

2.1.2 Alpha Counting

Alpha counting (pulse-height analysis) is an isctope sclective method
which is based upon a measurement of the energy spectrum of alpha particles

emitted by a sample. This method is generally used for the determination of
238 cr s . -
Pu when it is present at an isotopic abundance in the range 0.01-0.74 [2.2].
Due to the short range of alpha particles in solution quantitative alpha
analysis is generally performed by depositing a thin film of a purified sample

solution on a counting disk. Interference from overlapping alpha peeks from

241 s s
Am is minimized by chemically separating the analyte species from the sample

238

solution prior to the measurement. Quantitative Pu measurements are made

238

by comparing the integrated count rate of Pu with those from 239Pu and
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240 : . . -
tay which have been independently determined Ly mass cpectromelry 72.2

Measurement precisions of 29 cr better have been rer rsed f r a crunting
time of 10 minutes (2.27.

On-line alpha particle detectors have alsc been used tc meniter plutcnium
in process and waste streams at ccncentration levels of 10-5 el g-a'l
2.5, 2.7, 2.142. For these measurements, the alpha detector is placed in
direct cuntact with the radicactive solution. Interferences cccur from self-
absorptinrn and the presence ¢f ather alpha emitters in the stream thus regquiring
the empirical calibraticn cf these menitcrs using indevendent methods. ¥With

suitable calibraticn, plutconium can be measured in waste streams with an accuracy

of 5-10% [2.1h7.

2.1.3 Titrimetric Methods

The use of the off-line titrimetric methods based upcn coxidation-reduction
reactions provides a very precise and accurate method for the determination of
uranium and plutonium when the isotopic composition of the sample is accurately
known. The titrimetric methods are generally clas<ified as visual-indieator,
ampercmetric, potentiometric, or coulcmetric methods depending upon the way
in which the titration end point is determined. 1In the visual-indicator
method, an exact determination of the end point is difficult and is subject
to the personal bias of the analyst 72.5). This measurement bias is eliminated
by the use of the other titrimetric methods which employ electrometric deter-
mination of the end point.

The precision of the titrimetric methods can be very high (< 0.1% RSD)
when weight burets are used [2.3, 2.5] and thus these methods are used for

the measurement of product-type materials in fuel processing plants [2.8].



All titrimetric methods., huwever, are subject ‘.« chemical interferences caused
by icns thab are electreonegative at the cxidatirn-reduction potentials used
~r by species that prevent ~omplete cxidaticn .1 reduc'ion «f the uranium and
plutonium 72.27. For accur te measurements. “hese interfering species mush

be remcved by chemical sepa -aticn metheds cor else *heir presence mus’ bhe

ascertained and corrected f r {2.5].

The titrimetric method are generally -ime consuming requiring up ‘.-

“. FRecently. imwever. n medifi

several hcurs frr a measure

of uaranium

e+hcd has been aut~mated f »r the dete

2.167. This has reduced the analysis time tc less than 15 minu-es {1 hrur
elapsed time if an evaperati n ¢r separation is required). With this auto-
mated instrument. scluticns centaining 12-180 mg of uranium have been

and an accuracy ci

3

analyzed with a vrecisicn verying from C.25 %S¢ 0.0L77;

~ 0.1 has been measured fc: s-lubtions centaining 80-170 mg of uranium "2.8°.

2.1.4 Gamma-Ray Counting

Gamma-ray counting is an isctope specific NDA method for the measurement
of uranium and plutonium. Fassive gamma-ray measurements permit the accurate
determination of all plutonium isctopes except 2)4213\.1 which is nct a gamma-
emitter 72.8, 2.17]. In the quantitative use of gamma-ray counting the
emission spectrum of gamma-r.ys from the sample is measured and the complex
spectrum with many overlappiig lines is unraveled with the use of a computer
and sophisticated algorithms [2.8, 2.13, 2.17-2.197.

The precision of gamma- ay spectrometry depends upon the plutonium

concentration and the countiag time. For a total sample disintegration rate

of about 102LO disintegration: per second and a 10 minute counting time a



measurement precision of < 1% has been measured frr the least abundant

. . paxts}
plutonium isotope (7 Pal.

%7 for the most

and the precisicn increased +¢ 7

abundant isctepe (PBQPu) [2.87. Similar measurements have been made with

total pluteniwn concentraticns between 0.5 and 2.0 g-z-l fer which a precisicn

in the range «f 0.05-2% was cbtained after counting for 1 hcur [2.197. In

order te calibrate gamma-ray ccunting a well-characterized standard scolution

is used and the detector efficiency must be known. TPassive gamma-ray counting

can be used as either an at-line [2.197 or an in-line 2.87 measurement

methcd for non-destructive assay in process streams in a fuel processing plant.
Gamma-ray counting has alsc been used to measure 235U in the concentration

range 1-5C g-i-l [2.197. In this instance, transmission measurements with a

169Yb source were used toc correct the measurement results for self-absorption

in the sample. Gamma-ray counting can alsc be used to measure hlAm.

2.1.5 Absorption Edge Densitometry

In contrast to gamma-ray counting which is isotope specifiec, the total
concentration of uranium and plutonium in solution can be determined by measuring
the transmission of a collimated external gamma-ray beam through the sample
(differential absorptimetry or abscrpticn-edge densitometry) 2.8, 2.1k,
2.19-2.21]. Measurements are made with photon sources emitting gamma-rays
with energies directly above and below either the K or L-IIT absorption edges
in uranium or plutonium. The photon source can be in the form of an x-ray
7SSe/57

generator or a natural radicactive source (e.g. Co for plutonium

measurements and 169Yb/5700 for uranium measurements) [2.8, 2.19, 2.20].

Using this method with a 75Se/57Co source, plutonium concentrations in

the range of 130-360 g-z-l have been made with an accuracy of 0.3 * 0.2% for



a 20 minute counting time 72.97. Absorpiicn edge densitumelric measurements

using the K edges of uranium and plutonium are limited concen'.rat.ions wn

the order of 10 g—l_l or larger [ 2.203. The use «f the L-ITI edges permits
more sensitive megsurements. Concentra®icns f uranium in the range of ':-35
g-ﬁ‘l were measured with an accuracy better than 1% {1~ confidence level® for a
measurement time of 30 minutes using an x-ray generatcr a! the 1,-T17 edge
"2.197. Plutonium measurements were alsc made in the r-nge cf 10-75 g-g“l
with a precisicn of about 0.67 RSI using -he L-111 edge.

Absorption-edge densitomeiry shows promise as an in-line «r at-line HLA
method for measurements of the concentration of uranium and plutonium in
process streams after the first cycle of solvent extractinn. The method is

alsc applicable for measurements of the thorium ccencentratiocn in the Thorex

process.

2.1.6 X-Ray Fluorescence

X-ray fluorescence spectromeiry is an NJA method for the measurement of
uranium and plutonium in solid or liquid samples. The method is based upon
the detection of the fluorescent x-rays emitted from a sample after excitation
by an x-ray generator or a gamma-ray source. Both energy- and wavelength-
dispersive detection systems have been used for x-ray fluorescence measure~
ments. Wavelength-dispersive systems offer the best resolution for x-ray
energies of € 20 keV (L x-rays) while energy-dispersive detection systems
offer the best resolution and efficiency at higher energies (K x-rays) [2.19].

X-ray fluorescence solution measurements are generally made off-line with
the only sample preparation being the addition of an internal standard to the

sample and evaporating the sample solution on a counting disk. This thin film
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2.1.7 Neutren Counting

T'assive neutron ccunting can be used as zn WA method for the deter-

minaticn ¢f uranium and plutenium if their isntepic abundances are known.

X 238 24
Neutron coincidence counting of 3 U and © OPu spontanecus fissions forms

the basis of this method. The spontanecus fission rate is about 460 fissions

n

per second per gram of hOPu and about 7 x 10-3 fissions per second per gram
of 238U. This method has been used »rimarily for the measurament of solid
process line serap or waste materials and also as a fissionable material
hold~up monitor in process lines [2.227.

The active neutron assay method consists cof irradiating a sample with
neutrons and observing the resulting fission neutrons and gamma rays. The

use of active neutron assay has been applied to the measurement of hetero-

geneous solid scrap and waste materials and alsc tc process streams {2.22].



=.1.% Gravimelry

Sravimetry is an imp.riant and vrecise methicd for *he measurement of

the tetal wranium concentraticn in a wvariely «f uranium-bearing materials

(uranium in uranium metal, uranyl nitrate sclutions. U(Q. UO?' U%GA. UFM'

and UF6§ f2.6). A gravimetric analysis «f these materials s perfcrmed by
igniting the sample to U3OS and weighing it. Fucr accuratle measuremenis,

the presence of any non~velatile metallic impurities is determined spectroscep-

4

ically and the final measured weight of U3C8 is ccrrected accordingly (2.5
Measurements are generally made using 1-15 grams of uranium-bearing material
and the measurement rrecisicn is in the range of 0.02 < 0.0%% [2.67.

Gravimetry is rarely used fcr cvlutcnium due tc the difficulty cf preducing a

stcichiometric end product and alsc beczuse of the problems asc olizted with

handling olutonium-ccntaining powders [Z.37.

2.1.9 Svectrophotometry

The spectrophotometric measurement of uranium and plutonium in solution
is based upon the formation of absorbing complexes of these elements. Spectro-
photometric measurements of uranium and plutonium can be made at concentrations
of a few g~z_l or less after complexation with one of the colcmetric agents
such as Arsenazo III, basic percxide, or dibenzoylmethane [2.51. For the
highest measurement precision (0.05% at 12-128 g—g_l of plutcnium) a2 differential
spectrophotometric technigue is used in which the sample absorbance is compared
to that of a reference siandard [2.7].

Spectrophctometry has been used to measure uranium and plutcnium in fuel

processing plants for process control an’ for the analysis of waste streams and
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scrap material [2.7, 2.23]. Measurements of uranyl-nitrate sclutions have

been made {or process control using this methed [2.73. The method has also
been used tc measure the molar concentration of the various plu‘rnium oxidation
states in pure prlutonium nitrate soluticns [2.247 and can be used for the
mezsurement of the concentration ¢f plutenium-nitrate product scluticns with

a precisivn equivalent tc “hat cbtained by the best titrimetric methods . 2.7].

a

Crectropvheotometric measurements of uranium in waste streams have been made over
the ccneentraticn range of 0.5 t¢ 5 mg-;-l with a vprecision varying from 2 to 20%,
and thus this methed cffers an slernative -« isch pe-diluticn rass spectreme:ry
and flucrimetry for the measurement of uranium in wes'e s reams 72.25°.

Interferences in spectrophotometry can arise from fission products and
actinides which also react with the complexing agents to form colored complexes.
These scurce: ¢ interferences are eliminated by chemically separating the
uranium and plutonint i1 the sample from each other and from other interfering
species in the sample. These chemi»l separations are time consuming but in
one instsinre have been automated to wduce the measurem=at 5ine to about 5
minutes per sample . 2.23]. Wit i3 automated instrument, uranium and

plutonium w2re measurable in solution at concentrations in the range of

2-28 g-z’l.

2.1.10 Fluorimetry

The fluorimetric method for the determination of low concentrations of
uraniun is based on the fluorescence of the uranyl ion [(U02)+2] when excited
by ultraviolet light. This method is applicable to the determination of uranium
in waste streams when the uranium concentration is less than 50 mg-z'l [2.5],

and can be used to detect uranium in quantities as low as lO-lOg [2.26].



Interferences in this methcd can arise from sclution species {esp.
transition elements) which quench the uranium flucrescence "2.77. However,
these interferences ran be minimized by chemically separating the uranium
from the sample or by diluting the sample.

In a fluorimetric measurement. the sample is ncrmally evapcrated and
fused with a fusion mixture (NaF, Na2803. or K2CC3‘; ani e iraniur fluorescence
in the fused mixture is excited by a high-intensity mercury lamp 2% 365 nm.
The uranium fluorescence at 535 nm is measured and the concentraticn in the
sample is determined from a calibretion curve by interpclaticn. The reported
precisicn of the method is 13% for measurements of uranium in simulaed
processing plant waste streams [2.7]. More recently, uranium measurements
have been made with a linear range of 0.02 to 10 mg—l_l and a precision of

about 9% for a 2 mg-g-l concentration [2.27].

2.2 Methods for the Determination of Pission Product and Actinide Elements

The analytical methods for the determination of the fission produrt and
actinide elements in a nuclear-fuel processing plant are in most cases based
upon the detection of the decay radiation (alpha, beta, and gamma) from the
analyte species or from one or more of its daughter products. Many of the

237Np, ehlAm, 2LmCm) are alpha emitters and thus,

actinide elements (e.g.
after they are chealinally separated from other interferring species, they can
be.detected by alpha spectrometry. 3B:=ta decay, which is characteristic of
most of the fission products, caﬂ be detected by a number of different
counting methods such as scintillation detectors, ionization chambers, gas

proportional counters, solid state detectors, and Geiger-Mueller (G-M) tubes

[2.97. Prior to using these counting methods, the chemical separation of the
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analyte srecies is generally required tc minimize interferences ‘ror cther

beta emitters in the sample. Gamma-ray ccunting can alsc be used <o menitcr

5 106

1 number of fission products {e.g. Zr-Nob, Ru-Rh, and lBlI) and actinidec

233 237

{ Th, Pa  and Np) in a fuel processing plant. The measurement cf

ific syecies will be discussed in mcre debtail In the Zollcwing sections.

.23 Tritium

Measurements of tritium are difficult due tc *he very low energy of the
beta particles emitted (E =18.6 keV and E = 5.7 keV). For solution

max ave

rmegsurements. tritium is chemically semarated from any in*erfering species
and is generally determined by liquid scintillatiocn counting [2.97. 1In liguid
sciniillation ccunting, the analyte species is mixed with a liguid scintillator.
W'hen excited by beta particles. the scintillator molecules emit

fluorescence which is detected by a sensitive photomultiplier tube {(PMT).
This method cen be extremely sensitive (< 1 pCi—cm~3 or ~ 3 x lO7 molecules-
cm_3 of tritium can be detected), and suffers from few interferences (after
the chemical scparation of the sample). ts primary disadvantage is that

it is time-consuming when a chemical separation is required.

The cn-line measurement of gaseous HT and HTO can be performed by flowing
the gas sample through an ionization chamber or a gas proportional counter
after filtering it to remove any radiocactive particulates which could inter-
fere with the measurement. Ionization chambers are the most commonly used
methed for monitoring tritium in air, and can be made sensitive enough to
7

detect as little as 2pc1-cm'3 (~6x 10 mol—cm'3) of tritium in air [2.9].

The primary difficulty with using ionization chambers arises from the presence

2-12
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Liguid seintillation counting provides a sensitive means for
line detection of tritiated water vapor. The HTC is removed fr m the air

over a pericd cf time using a tubbler, deszicant materizl. «ir n r lecular

seive. YT gas can alsc bc measured with thisz “echnique by

il te HTC. The use cf silica gel to ftrap H1C permits the antal

sensitivities well belcw 0.01 _DCi—cm_3 "2.97.  The sensitivity when using

a bubbler is cn the order of 7.1 pCi-cn'3 T2.97. The vrimary disadvan‘age

of these *“rapping techniques for liguid scintilla-=icn counting

hcurs are required tc make a measurerment.

2.2.2 Krypton-85
Krypton-85 can be meas o~ . = detec-ing it. beta decay <Emax = 672 keV)
cr by counting its 0.4% yield gamma-ray emissicn (514 keV!. The most sensitive

measurement methods for SsKr are made by pre-concentrating the krypton prior

n
i
-
(oY)
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to counting. The off-line methods employing liquid or plastic scintillation
detectors are extremely sensitive, permitting the detecticn of she natural
85Kr ' ~ckground levels in the atmosphere (~ 10 pCi-m’3 or ~ 250 atoms~cm-3)
with ¢ 1 accuracy ranging from 4-10% [2.9]. Flow-through ionization counters
can be used for on-line measurements with a minimum detectable concentration
in th range of 40,000 to 130,000 pCi-m_3 {2.97. The interference from
triti.a in a 85Kr measurement is usually insignificant.

( 1-line measurements of 85Kr can also be made by detecting its gamma-ray
emissin using a Nal gamma detector. This method has been installed at the

AGNS bernwell fuel processing plant to monitor the level of SSKr in the

main ¢:s stack [2.127.

2.2.3 Carbon-1t

C.rbon-1k is a pure beta cmitter (Emax = 155 keV) with a very long half
life (730 years). The techniques for measuring carbon-lY4 are similar to
those :sed for tritium and so are the interferences. As a gas, thOQ can be
measured with a gas ~reportional counter by introducing the lL‘CO2 sample
into the counter with the counting gas mixture. Alternatively. IACOQ can
be trz :ped in an organic solvent and detected using liguid scintillation
counting. This is the most common carbon-14 measurement method in use today;
and ac-ivities as low as 0.2 pCi-cm-3 (2.7 x 109 mol-cm-3} of organic solvent
can be measured [2.9]. This method, however, requires the trapping of

carbor 1k over a period of time and also a chemical separation from other

interf -ring radionuclides.



2.2.L  Todine-129

Tcdine-129 has a 17 millicn year half-life and in decaying emits a low
energy beta (Emax = 150 keV) followed by a low energy gamma-ray (40 keV),
both of which are difficult to detect.. The primary methods used for the
detecticn of icdine-129 are liquid scintillation ccunting and neutrcn acti-
vation analysis; both of which are time-consuming and require that the
radiocicdine be chemically separated fré;-the sample prior t~ a measurement.

In the liquid scintillation ccunting method, the isclated ivdine sample
is dissolved in the scintillator scluticn and then irradiated under » fluorescent
lamp for two hours to decolor the icdine before ccunting 72.93. This is
necessary since the iodine would otherwise greatly reduce the counting
efficiency by absorbing the fluorescence emitted by the scintillation mclecules.

The neutren activation method is based on the i‘ransforraticn cf icdine-12G
to iodine-130 by a neutron capture reaction. The iodine-130 produced has a
very short half-life (12.4 hours) and emits high energy gamma-rays (538 and
669 keV). 1In the vapor phase, 12912 is trapped on a silver-zeclite material
and then transferred to lead-zeolite for neutron activaticn analysis [2.237.
In measurements of dissolver solutions, the iodine-129 is chemically extracted
prior to activation. The sensitivity for a neutron activaticn measurement
is ultimately limited by the presei:e of iodine-127 and cesium-133 in the

sample thaich can be converted to iodine-130 by multiple activation and n,o

reactions respectively [2.9].

2.2.5 Ruthenium-106

Ruthenium-10€ is a pure beta emitter which has a very short lived (30 s)

daughter, 106Rh, which decays emitting 2 very energetic beta (Emax = 3.53 MeV)
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.3 Analytical Me-hods for I'rocess Contrel

The measureme: ¢ f a number of stable rpeciec is required for process
and effluent contrel in u Tuel rreccessing plant. These species include
nitrogen cxides and tributyl phosphate which are yre:sont in tae of f-
gases. solvent degr laticn vroducts such as didbutyl phesphate and
mcncbutyl chesphate which are present in first cycle solvent extraction streams.

and nitrite which is added vrior te the second plutcnium cycle for adjustment

te Pul{Iv).

2.3.1 N trcgen Cxides

A number of meth:is have been developed te measure nitrogen cxides (NO,
Nog) for air analysis. Commercially available automated NOx analyzers are
based upr chemilumineccence, colorimetry. absorption spectrometry (dispersive
and non-dispersive}, ic.i-selective electredes. electrochemical cells, amperc-
netry, and bioluminescence [2.297.

Chemiluminescence snalyzers are perilaps the mcst sensitive and interference-
free type of NOx analyzers. These analyzers are based upon the chemiluminescent
reaction between nitric c. ide (NO) and ozone with a sensitive PMT used to
detect the chemiluminescence. Chemiluminescence analyzers permit the detection
of N0 in the range from 0.¢O0l te 10,008 ppm M2.297. They can also be used
tc measure NO2 by first cat:-litically reducing it to NC. These analyzers
are free from interferences from other pollutants normally present in the

atmosphere and permit real time measurements.



T.3.0 Tributyl Fhesphate Vavors

Three methods are presently being investigated for the detection of
sributyl pheosphate (TBFT) varcrs in the off-gases in a fuel processing plant.

These methcds are gas chremategraphy. x-ray flucrescence. and flame rhoto-

me<ry "7.287, For analysis by gas circmatcerarhy. ‘he TBY varer is cellected
with an impinger system using ethylene glyccl. extracted intc hexane. and
finally ccncentrated pricr te injecticn int.. the gas chromategraph. With
x-ray flucrescence. the TBI vapcres are trapred by charccal Tilters which
are analyzed for phosphercus. The detecticn limit is . 2.1 mg of phosvhcreus
per filter "2.287.

Real-time commerclally avallable chetemetric phesphorcus gas analyzers
can zlso be used for the measurement of TRP vapcrs 72.307. These analyzers
can detect phosphorous in air over the range 0.001 tc 10.0 ppm with a response

time cf less than 10 seconds 72.317.

2.3.3 Soivent Degradaticn Prcducts

Gas chromatography can be used to determine the concentrations of the
solvent degradation products dibutyl phosphate (DBP) and monobutyl phosphate
(MBF in irradiated solvent samples [2.32, 2.33]. These species are chemically
pretreated to convert them into volatile methyl derivatives prior to injection

into the gas chromatograph [2.32].

2.3.4 Nitrite
The nitrite ion concentration in the 2AF feed makeup tank in a fuel
processing plan can be monitored on-line by determining the nitrogen dioxide

concentration in air which is sparged through the nitric-nitrous acid mixture



2.3, 2.35). The N02 concentration in the air is determined by measuring

its absorbance at 395 nm using a commercial photometric analyzer and is

related to the nitrite ion concentration in solution. This method is sensitive
tc nitrite ion concentrations cf 0.01 M cr lower 72.347 and will be used

at the AGNS Barnwell fuel processing plant for on-line monitoring of nitrite

re.35].
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7. FReview ¢f Laser-Base! Analy*:
Wuclear-Fuel Processing flants
3.1 Introduction
Wi<h the development ¢{ tunable lasers during the past decade. a revival

in the field of optical spectriscopy has taken jylace and a number ¢f new

i were not previously

spectresecopic techniques have emerged, =
rossible using conventicnal light scurces “2.1-2.87. The usefulress of

tunable lasers for spectroscepic applications arises frem the unique prop-
erties cf these spectral scurces which include a very high spectral irradiance,
a high degree of spatial and temporal ccherence, a widely tunable wavelength,
and the possibility of operating in either a centinucus (cw) or pulsed mode.
The properties of lasers which are important fer spectroscoplc applications

are summarized below.

The spectral irradiance of a light source is defined as the amcunt of
power delivered per unit area and frequency interval [w-cm-2~nm_11. In the
case of lasers this can be some ten or mere corders cf magnitude greater than
that of conventional (inccherent) light scurces. Thus the respcnse cof a system
being probed by a laser is greatly enhanced thereby increasing the sensiti-
vity of the measurement. In addition, the high spectral irradiance of lasers
makes possible the observation of a number of nonlinear effects in atomic
and molecular systems.

The light emerging from a laser is emitted as a highly collimated beam

L 7

with a very small angular divergence (typically 10 - 10" ' sr) in contrast

to conventional sources which emit light intc a large solid angle (typically
Lg sr). The highly collimated output from a laser can be transmitted cver
long distances for remote spectroscopic analysis using LIDAR techniques or

6

can be focused onto very emall surface areas (< 10~ cm2) for local
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e interacticn : £ “he flucresceance line wrcfile

hew determined by

ver.

transiticn in the laser medium and the eigenfresuencies

e corre
.f the laser cavity mcdes 7"3.17. By ensuring that the threshceld condition
frr sustained laser acticn is fulfilled frr c¢nly cne cavi‘y mode it is

hs cn the frder of 1 Mz 2 less. The

r~ssible Yo obiain laser liney
narrcv linewidth ¢f rthe laser permits the use ¢ T ciherent detection tech-

.

nicues in a manner similar t¢ radio frequency and microwave spectroscepy
thereby further increasing their sensitivity fcr srectroscopic aprlications.

The wavelength range cver which a laser can be tuned derends upcn the
particular type of laser under ccnsideraticn. (rganic-dye lasers can be
tuned cver thie range of 360-1200 nm and can be frequency doubled to obtain
wavelengths from 197-360 nm. Semiconductor diocde lasers are available to
ccever the range of 0.62-34 um, Figure 3.1 summarizes the tuning character-
is%ics of these and other tunable lasers.

For many classes of tunable lasers, the user has the chcice of cw or
vulsed cperaticn. With pulsed operation. laser pulses of ~ 10.8 s time

duration can be achieved by using either a shert time duration pumping

pulse or S-switching the laser. Some types of lasers (e.g. dye lasers)
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can be mode-lecked for an even sherter pulse Sime duratirn (- 20710 s).

The
use cf pulsed-laser cperation provides high-peak-power levels which are useful
for nenlinear spectroscopy, permit time gating for backgrcound ncise suppres-
sion, and permit range gating. This latter mode of rveraticn is especially
imrertant I r remcte spectroscopic measuremep*s using LIPAR techniques.

The laser-based ahalytical methcds which will be reviewed in this
chapter and evaluated for use in nuclear-fuel processing plants are grouped
inte the four general categories which are listed below:

A. Raman scattering

1. Spontanecus Raman sca‘tering
2. Ccherent anti-3tckes Raman scattering
3. Stimulated Raman scattering
B. Absorption spectroscopy
1. External absorption spectrosccpy
2. Cptoacoustic spectroscopy
3. Intracavity absorption spectroscopy
C. Flucrescence spectroscopy
1. Atomic fluorescence spectroscopy
2. Molecular fluorescence spectroscepy
D. Nonlinear spectroscopy
1. Saturated absorption spectroscopy
2. Two-photun spectroscopy
The potential of each laser-based method as an .aalytical tool will be
examined in detail in this chapter. In Chapter L an evaluatiocn of the

laser-based methods will be made comparing them to the conventional

analytical techniques.

3.2 Raman Scattering

Raman scattering arises from a change in the polarizability of a
molecule which is undergoing a vibration or rotation. The Raman scatteregd
light is shifted from the incident laser frequency by certain characteristic

frequencies of the substance 73.107. Since the Raman effect is extremely



weak, the use ¢f the intense beams frcm lasers was necessary ‘¢ premeie its
use as an analytical methcd. Presently. spen‘anecus Zaman spechrogcopy is
the most widely used laser-based analytical methed.

Recently. a number «f nonlinear Raman etf'fects nave heen discavered

which shew promise for use as analytical technigues. ;rest promising of
these ncnlinear Raman technigues are coheren! anti-ltokes Raman siectroscopy

(CARS) and stimulated Raman spectrosc:py (BR3}.

3.2.1 Spcnecanecus Raman Scattering

Speontanecus Raman scattering and infrared suectreoscory are complimentary
techniques for the study of mclecules. Raman scahttering arises from a change
in the polarizability with coordinate, whereas infrared abscrptiocn arises

frem a change in the dipole moment with ccordinate "2.117. Thus Raran

ntc molecular structure and dynamics t

scattering prevides insight
compliments the informaticn derived from infrared abscrption measurements,
Raman scattering ocecurs in gases. liquids. and scolids and is useful for
chemical analysis of mclecular species in all three phases. Because cf its
widespread use, z number of reviews of Raman sca‘tering have appeared in
recent years 3.5, 3.8, 3,10 - 3.167, and it has become the subject of a

number cf textbooks F3.17 - 3.217.

3.2.1.1 Explanation of Method

Consider a medium placed in an alternating electric field given by,

E = EO cos wh (3.1)
This field induces a pclarization which can be written as

F = oF (3.2)



where ¢ is the polarizability consisting of two components: a constant term,
ay,- which represents the static polarizability, and & second compcnent which
is a sum cf terms each of which has the periodic dependence of an internal
motion or normal frequency of the mole les making up the medium. Thus the

polarizability can be written as
y=a +T g cocs ot (3.3}
n

where "a are the characteristic vibrational or rctaticnal frequencies of the

molecule.

Substituting Eans. 3.1 and 3.3 inte Eqn. 3.2 the result is:

D = 4+ +E T g cos +t cos . t
of  cos b o 5 % «t "

&

E ~a Tecos(y

o n *n)t + cos(w+wn}t] (3.4)
n

=E cos at +
[o]

The first term in Eqn. 3.4 gives rise to scattered radiation at the frequency
of the incident light and accounts for Rayleigh scattering. The second term
results in scattered radiation at the frequencies - = O This inelastically
scattered light is termed Raman scattering. The components of the scattered
light at - - “n and ¢ + v, are known as the Stckes and anti-Stokes components
respectively. 7he intensity of these compluents depends cn the number of
excitations

n = Texp(p/kT) - 177

present in thermal eguilibrium, being proporticnal to n +# 1 for the Stokes

components and te n for the anti-Stokes compenents.



In 3 Raman scattering experiment. the scattered power reaching the detector

is given by [3.227:

(3.5)

where P0 is the incident light power,

N is the concentration of the scattering species.

L is the interaction length viewed by the collection optics.
is the differential Raman scattering cross section,

dx
an
and )

o is the light collection solid angle. Egn. 3.5 shows the spcntanecus

Raman signal tc be linear in the exciting power. concentration cf scattering

species, and the Raman scattering crcss secticn.

3.2.1.2 Experimental Technigues for Spontanecus Raman Scattering

Figure 3.2 shows a schematic diagram of the experimental apparatus
typiecally used for Spontanecus Raman measurements. An argcn ion laser
operating at 488.0 nm provides a ccutinucus scurce cof exciting radia“icn
(up to several watts of light power). The laser beam is fccused into a
volume contalning the sample to be studied. The scattered light is collected
at right angles to the incident light and, with the aid of lenses zng =
dove prism, is imaged cntc the entrance slit of a spectrometer. As %he
transmission wavelength of the spectrometer is scanned the Raman lines
are detected with a cocled photomultiplier tube (PMT') and the signal is
electronically processed and recorded. Photon counting electronics are

cften used to increase the signal-~to-noise ratic of the measurement.
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Figure 3.2. Experimental apparatus for spontanecus Raman scattering measurements.




In certzin instances. the spectrcmeter in Fig. 2.2 can ve replaced by a
narrowband interference filter with a fixed center freguency. In this case,
the Raman spectrum is recorded by scanning the leser wavelength using a
tunable dye laser as the excitation scurce "3.23". 1In other cases &7 h ars
for rrocess contrcl where it is desirable tc meoniter the relative c :centra-
tion cf a particular species with “ime, the scanning capability ¢ a mono-
dqiromator is not required. In this case. it may be pcessible to use a Tixed-
frequency laser and a narrowband interference filter centered at the Raman
line of interest [3.2L71.

Laser Raman scattering in liguids may be performed cn very small sample
volumes (as small as 8 ng) contained in sealed capillary tubes (typically
0.1 -1.0mm i.d.) 73.257. This greatly simplifies the handling of radio-
active solutions for analysis by Raman scattering 73.26. 3.27°.

Multiple-pass light trapping cellic may be used to increase the Raman
signal level and are especially useful for the study of gases. An experi-
mental signal level gain o' 92 has been realized with the use of a carefully

designed ellipscidal multiple-pass cell 73.287,

3.2.1.3 Use cof Spontanecus Raman Scattering fcr Quantitative Analysis

Relatively little work has been published on the quantitative analytica.
applications of laser Raman spectroscopy. The primary reason for this is
tha®t the Raman effect is by nature weak, limiting analyses tc concentraticr:
on the order of 10~h - lO_3 ¥ for most species in sclution. The experimer ally
obtained aqetection limits for a number of anions in a;ueocus soclution are - ced
in Table 3.1 and are compared with the calculated linits of detectiin un er
ideal conditions. The minimum detectable concentrations of organic sut tances

are similar. For example, benzene has been measured in distilled water at
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Table 3.1. Spontanecus Ramazn scattering detecticn limits for
anions in aquecus solution.

Lowest Repcried

Calculated Limit of
Detection Under

Anicn Limit of Detection Ideal Circumstances
BeT - 3x 1070
2
Ncg 3.2 x 1074 1P 7.1 % 1070 M®
soi' 8.9 x 1077 M° 7.6 x 1070
2~ -3,4 b e
ceg 1.3 %1077 ¥ 1.9x 10 M
POE' 5.3 x 107 u® 2 x 1072 M@
crog” 1 ox 1073 w0 3% 107 U
V- -2
Az(CT{;u - 2 x 107 Y
HEOL --- 1.6 x 107 #°
. - -ioe
B0, ——- 2.5 x 107 M
uCQ) - 1.6 x 1077 M°
-
&. Reference 3.27
b. Reference 3.29
c. Reference 3.30 .
d. Reference 3.31
e. Reference 3.26



b

concentraticns dewn to €.5 x A0 ¥ 72,207, the ult

benzene in water has been calculated to be . 1077 i
accepted limit of detection fir gaseous species in air at aitmcsvheric pressure
using spontanecus Raman scattering is about 100 ppm (parts-per-millirn} or

3 x 10 melecules-cm™d 73.22. 3.37.

(%)
(o)
Car

3

man

There are several facters which can interfeve

measurement: sample flucrescence, Rayleigh and Mie {particnula’ seaitering.

and a backgrcund signal from adjacent Raman lines in the samrle due t. the

sclvent cr cther species in a multicomronent mix-ure., Any sample flucrescencs

.icn frequency and car ea

is Stokes-shifted frem the excita

spectrum. Since flucrescence is a much stronger efTect than Raman scatbtering.

any trace amount of a flucrescing impurity in the sample can comnletely mask

cut a weak Raman signal. The background from Rayleigh «ind Mie rertiering of
the laser light can extend “he exeliias
frequency when a large amplificaticn fzctcr iz uced in an Semiv o make Raman

T, rluctnaticng of tp°o

measurements at very low analyte concentrat

backgrcund signal cdue to mcmentary scattering fr.m dust ¢r susvended sclids

in the samrle can shcw ur as spuricus "lines” in *he Raman

Several techniques are available for minimizing the efrecis c¢f these

interferences on the Raman spectrum. The interfereice due it:r samnle fluorescence
can be either lessened or eliminated through the use of cne ¢f the following
techniques: irradiating the sample with laser light for a pericd of time tc
quench the fluorescence; shifting the laser frequency o a ncn-flucrescing

region of the spectrum; adding a fluorescence quenching agent (e.g. nitrcobenzene'
to the sample; and chemically purifyings the sample cr selectively viltering the
sample to remcve fluorescing impurities [3.217. The instrumental -echniques

which have been used to minimize fluorescence interference include: using a
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high power luser to saturate the flu .rescence but not the Raman signal 73.347;
modulating the wavelength of the lase:” and phase sensitive detecting the Raman
signal while rejecting the essentially constant fluorescence signal [3.35,
3.3R7; and nsing a very short time-duration laser pulse (< ) ne) and a time-
gated detector "3.377. The presence of iile scattering in a liquid sample can
cenerally be minimized by pre-filtering the sample solution., Interferenccs

in a spcntanecus Raman measurement due to Raman lines of the solvent or other
scluticn species can generally be minimized by the use of an alternate Raman
line of the analyte species.

Rescnance Raman scattering (which invclves the interaction of vibrational
and electrcnic transitions in a molecule) can be used to increase the Raman
signal thereby lowering the limit of detection for a given species [3.38]. For
¢as phase species the increase in Raman signal from resonance enhancement is
often offset by an equally large increase in fluorescence. However, in liquids
the fluorescence is very often quenched allowing the resonant Raman spectrum
to be cbserved. Rescnance enhancement can provide up to a facter of 107 increase
in Raman signal [3.21).

The use of reconance enhancement should vermit the detection of molecular
species in solution at concentrations on the order of lO'6 M or lower. However,
the experimental apparatus for resonant Raman scattering is somewhat more
complicated due to the requirement of a tunable laser in the visible or ultra-
violet region of the spectrum. In addition, it is more difficult to make
highly accurate measurements with resonant Raman scattering due tc the sharp
variation in Raman sca*tering cross-section with wavelength near the absorption
bands of a substance and due to possible attenuation of the Raman lines by the
nighly abscrbing sample. A Raman difference technique with a rotating cell has

been used tc eliminate the latter problem of correcting for absorption of the



scattered signal by he sample "3.371. Rotation of *he samrle cell will alsc
sclve the problem of lccal heating in the highly abscrbing samnle.
Resonance Raman spectroscopy has not been used % date for guantita-ive

analysis and further research is needed tc develcp the technigue more fully.

3.2.2 Ccherent Anti-Stokes Raman Scattering

Coherent anti-Stokes Raman scattering (CUARG) is a nonlinear keman fechnigue
which utilizes two lasers to force the oscillation of a particular normal mode
cf u Raman-active medium. This in turn generates an cscillating dielectric con-
stant which interacts with the field of one ¢f the lasers to prcduce a ccheren®
output beam at the anti-Stcokes frequency. The generation of a coherent Raman
beam greatly increases the ability to collect the scattered light and permits
discrimination against unwanted radiation by means of spectiral ané/or spatial
filtering of the CARS signal. A number of reviews and critigues cof ‘he CARS

technique have been published [3.5, 3.22, 3.32, 3.33, 3.39-3.4k],

3.2.2.1 Explanation of Method

The nonlinear nature of the CARS process can be seen frcm FTigure 3.3. In
this process, photons from a "pump” laser (ub) and a "Stokes" laser (WS) interact

by means of the third order nonlinear susceptibility, Y(3) ('Tas’ B - ws),

p* Ty

in a Raman-active medium to generate photons at the anti-Stckes frequency

=20 -
U"as P s

The conservation of wave momentum requires that
Ak -2k -k -k _=0
D s as
where Jk| = %?. This phase-matching condition is fulfilled by adjusting the

angle A beiween the two laser beams as shown in Figure 3.4t. Using colinear
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Figure 3.3. Znergy level diagram for CARS.

Figure 3.%. Phase-matching conditions fcr CARS.
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laser beams. the phase-matehing conditicn is identically satisfied in gases
cver reascnable path lengmns. while frr liguids it can ve achieved at a
relatively small angle A .1 (2,307,

In a CARS experiment the scattered nower at the anti-Stokes frequency is

given by [3.h40°

Py« 22 LR (2 - (3.6)
n

where n is the refractive index cf %71e medium,
<) is the bulk suscestibility of the medium,

Lcoh is the coherence length in the medium,

Pp is the power from the pump laser,

A is the cross-sectional area cof the overlap ¢f the laser beams.

and PS is the power frcm the Stckes laser.

If the laser beams are tightly focused in the medium the scattering efficiency

increases and Eqn. 3.6 reduces to [3.407

> "' 2 L2
P v % 13 B P, (3.7

Egns. 3.6 and 3.7 show that the CARS signal varies as the square of the mag-
nitudes of the third order bulk susceptibility (which is propertionnl to species
ccencentration and to differential Raman scattering cross sectjon), as the
square of the pump laser power, and lineariy with the Stokes laser power.

The anti-Stokes conversion efficiency, =, given by

P

P
as
s

3

has been calculated to be 2 x 10 ° for the 992 cm-l Raman line of benzene when

a 1 kW pump laser is used [3.39]. For compariscn, this same incident power
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level wculd give a spontanecus Raman signal some five crders of magnitude
smzller. In addition, the CARS signal is emitted intc a 10.L sr diffraction
iimited beam as compared tc Yy sr for spontanecus Raman scattering. These
factrrs frogether with the fact that the CARS signal is on the anti-Stokes
de ¥ the rump lager wavelength are respcnsible for the excellent backgr und
flucrescence discriminaticn available with the CARS technique {approximately
nine corders . {f magnitude greater than that of spontaneous Raman scattering
2,337

Assuming all frequencies are far removed frcm the electronic levels, the
third crder nonlinear susceptibility can be written in the form [3.22, 3.39}

AT
NLEL RS 3Ry oy (3.8)

rir (A + i‘v‘q, nr’'nr
where Nr'Nnr are the ccneentraticns of the analyte species and solvent

respectively,

voo= gl x i‘X.'; is the complex resonant part of the susceptibility contributed
by the closest vibrational-rotational transiticn,

V’an is a slowly varying nonresonant susceptibility contributed by the

electronic transitions and remcte resonances,

A. 1s the fractional pcpulation difference between the upper and lower

vibrational-rotational levels,

j'R is the half width at half-maximum of the Raman mode,
and An = "p - g T is a detuning frequency. Eqn. 3.8 can be rewritten in
the form

AT
” )

AT
3y e MR ) . 'R
£ = Nk T i 7 Markar] f OV TR i

7
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tc separate the resl and imaginary contributions tc the nonlinear susceptibility.

The CARS signal is proportiunal to the square of the absolute value of X(3)’

2 2 12
KB anxy + w, F e ]
2 2
Ni “X # - "|° )+ N X 15 20 el (3.9)

For small analyte concentrations, Nr' the rescnant susceptibility is
small; and since the nonrescnant susceptibility is relatively independent of
frequency, the contribution of X(B) to the CARS spectrum is in the form of

the last term in Eqn. 3.9:

UL & SRV V]

Thus the CARS lineshape will reflect the asymmetry cf the real part of the
susceptibility y; and the CARS signal will be linear with the concentration
of the analyte species. As the relative contribution of the resonant
susceptibility changes with increasing analyte concentration, the lineshape
and concentration dependence of the CARS signal will change.

The lowest concentration level which can be detected using CARS will in
general be determined by the nonresonant background signal from the solvent.
Recently, four-wave mixing techniques have been demonstrated which promise to
reduce this background signal contribution 73.43, 3.457. The sensitivity
of CARS can be further increased by using resonant enhancement which occurs
when either the pump or Stokes laser frequency is tuned to coincide with

an electronic transition of the analyte species.
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2.2.2. FExverimental Techniaues for CART

®igure 2.5 shows the experimental apparatus fcr CAR’. iulsed and;cr ow
lasers can be used for CART although pulsed lasers have generally been used

. the nenlinear dependence of the scattering efficliency on ‘he pump

Tus

wer pump laser ic alr ysed ' excite a tunable

Iye laser which serves as the Dtokes laser. The fwe laser beams are focused

in the camle at the required phase-matching angle. 2. and the CARD signal

2 an angulsr displacement, ~'.

CARS signal

emerges ror she

1ly and spectrally til-ered tc wreven' sample flucrescence

2.4 cr rescnantly scattered laser light frm reaching the detecter which is
usuuily a rhotodicde. As the frequency «f the Stckes laser is scanned the

erated and recorded.

2
2
o
g
3
5
-
[543
@
3

in gases, phase-matching is identically satisfied

and “he twe laser beams cun be ecclinear. Dispersive elements such as prisms

or gratings arve then used to separate ‘he CARS signal frem the laser beams.

3.2.2.3 Use of CARS for Cuantitative Analysis

The CARS detection limits for some liquid and gaseous species are listed
in Table 3.2. The sensitivity for measurements in liquid sclutions is in general
limited by the nonresonant background signal from the sclvent to concentrations
on the crder of 0.05 M 73.48]. The nonrescnant backgrcund signals from a
number of sclvents have been measured relative to that of water and are shown
in Table 3.3. In compiling Table 3.3, competiticn from stimulated Raman

emissicn prevented accurate measurements cf .he ncaresonant background levels

from benzene, toluene. m-xylene, and benzyl chloride 73
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Figure 3.5. Fxperimental apparatus for CARS measurements.



Table Z.°. CARS detection limits for liguids end gases.

Minimum Detectable

Analyte Srecies Solvent Concentration Reference
Sodium Benzcate Water 0.08 M 3.4o
3enzene Tcluene < 0,005 ¥ 3.u46
Benzene {Sodium Benzoate)aq < 5.5 M 3.46
H, u, .. 100 ppm 3.47
H, Air 4 ppm®

NS Air 160 ppm°

- A a

0 Alr 160 vpr 3.33
co Air 160 ppa®

a. Cslculated for §/N = 1.

Tadble 3.2. HNenresonant background signal levels in CARs.?

Background Level Relative

Solvent to water ¥ 1.0
D20 1.0
Methanol 1.0
Ethanol 1.8
Tetrahydrofuran 2.3
Carbon tetrachloride 2.6
Chloroform 2.6
Methylene Chloride 2.6

a. Reference 3.L9.
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The measurement of trace gas constituents at atmospheric pressure is
generally limited to concentrations > 100 ppm due to the ncnresonant backgrcund
signal levels of the major gas constituents. In the case of measurements of H,

in N2, the background contribution from N2 gives a constant signal level below

~ 100 pom of U, [3.477.

The minimum detectable ccncentraticn in either gas or liguid nhase measure-
ments can be lowered by some 1-3 orders of magnitude through the use of pre-
resconance or resonance enhancement of CARS. Pre-resonance ephancement occurs
when either " or Tas approaches an electronic resonance in the material, and
resonance enhancement occurs at an electronic rescnance. Table 3.4 1lists the
minimum detectable concentrations of some species measured using rescnant. CARS.
The diffraction limited CARS signal can be filtered to pruvide excellent
discrimination against any fluorescence which may be generated in gases as
the pump laser is tuned to an electironic rescnance. In a spontanecus Raman
experiment, on the other hand, the presence of flucrescence in gases generally
prevents full utilization of resonance enhancement.

The CARS technique is also cepable of measuring minor constituents in
flowing sample cells 7 3.48, 3.527. The use of a flowing sample cell permits
the possibi™ .  r of on-line meAsurements and also minimizes sample heating
and the resultant formetion of th.rmal gradients. CARS measurements have been
made at flow rates of 0-900 cm‘s_l with no observed variation in the signsl-to-
noise ratio [3.481.

In making quantitative CARS meesurements, speciul consideration must be
given to the factors which affect the amplitude and lineshape of the scattered
signal. Since the CARS signal varies as PiPs, any amplitude fluctuaticns in

the laser intensities will be reflected in the scatiered signsl. For example.
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fer rescnance CARS.

Tetecticn limite

Minimum Detectable

Analyte Species Solvent Concentration Reference
Cyancecbalamin 5,0 ~ 1073 ¥ 3.49
Ferrceytcchrome ¢ H,0 <1073 ¥ 3.49
Diphenyloctatraene Benzene -~ 5 x lO_5 M 2.50
z-carotene Benzene ~10"" M 3.48
T Air < lO3 ppm 3.51

2




an amplitude variaticn c¢f 5% in both lasers will give rise *~ an 11%
variaticn in the CARS signal. This effect. hcwever. can be minimiced by
ncermalizing the CARS signal tr the nonres~nant backgrcund signal frem a
suitable gas or solvent contained in a reference cell.

From Eqns. 3.7 and 3.9 it cen be seen that the CARS signal veries as the
square of species concentration at high concentrations and linearly with
species concentration at relatively low concentratior :. Tne ncnlinear

(3)

susceptibility v also varies as the fractional pc ulation difference
between the upper and lower vibrational-rotational levels (Egqn. 3.8). Thus,
in the case of gases a very high pump laser power can alter this population
difference thereby producing a change in the sca*tered signal level which
would be interpreted as a change in species con =ntration [3.53]. This problem
can be avoided by operaiving at a lower laser power level and using & sensitive
PMT to detect the CARS signal.

The relative contributions of the resc ant and nonresonant parts of the
total susceptibility will elso affect the _ineshape of the CARS spectrum.
This varistion in lineshape with analyte concentration may meke it very
difficult to interpret the CARS data in . quantitative manner. The CARS line-
shape can vary with concentration frer a positive-shaped Lerentzian tco a
dispersicn-shaped curve, and then to a negative-shaped Lorentzian. TIf
resonance enhancement of CARS is usf ! this change in lineshape can be a very
sensitive function of the analyte oncentration. 1In the case of rescnance
CARS measurements of 2-carotene, .he lineshape was observed to vary from a
positive to a negative Lorentzir 1 as the analyte concentration was decreased

b,

by a factor of 5 (2.5 x 10°" to ~ 5 x 107°M) [3.537.
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Much work si’ll needs to be performed to develop ccherent anti-Stckes
Haman scatiering intc a relisble technique for cuantitative analysis. The
sensitivisty ¢f the technique is slightly lower -han that of spontanecus
Raman scattering, but it has a distinct advantage in areas vhere background
flucrescence is a problem or where time resclved measurements must be made,
Tn additicn., the CARS technique offers the possibility of rescnance enhance-
ment in beth ligquids and gases. and in this respect has an advantage cver
spentanecus Raman scattering for which rescnance enhancement of gases is
often completely masked by fluorescence. However, great csré must be
exercised in interpreting the CARS spectrum to obtain reliable guantitative

infermasion.

3.2.3 Stimulated Raman Scattering

Stimulated Raman scatering (SRS) is similar tc CARS in that twc lasers
aire used to force a particular normal mode of a Raman-active medium.
Hcwever, in the case of SRS the measured signal is in the form of an induced
loss (gain) of the laser at the anti-Stokes (Stckes) fregquency. The SRS
signal is imposed upon a ccllimated laser beam thereby permitting discrim-
inaticn against sample fluorescence in a manner similar to that used for
CARS. However the SRS technique has certain advantages over CARS in that
phase-matching is not required, there is no nonresonant background suscep-
tibility term in the scattered signal. and the generszted gain (loss) in
the small-signal approximation is linear in the species concentration, the
third order susceptibility and the power from each laser so that the spectra
cbiained are similar to the spontaneous Raman spectra.

Stimulated Raman scattering has also been termed "Raman amplification”

or "inverse Raman scattering” depending on whether a gain or loss is generated



by the Reman-active medium. SRS was first observed in 1964 [3.5L7 but, as
in the case of CARS, it is cnly recently that the technigue has been con-
sidered for analytical use. However, it is included in this study since it
retains most of the advantages of the better-known CARS technique with few
of the disadvantages; and thus shows great promise as a nonlinear Raman

scattering technique.

3.2.3.1 Explanation of Method

The SRS procesc oceurs when a pump laser beam of intensity I0 and a
colinear Stokes or enti-Stokes probe beam (IS, Ias) interact with a Raman-
active medium. The intensity of the probe beam is increased or decreased
as it traverses the Raman-active medium when one of the following con-

ditions are satisfied:

wy - W= g (gain)

W = Up = g (loss) ,

where g is the frequency of Reman normal mode. The intensity of & Stokes
probe besm exiting & sample in & SRS experiment is given by 73.55]:
L
IS(L) =1 (0) exp ng I ..2)dz
8 £
¢]

where L is the path length in the sample,

g is the Reman gain coefficient for a single mclecule,

N is the molecular speciez -oncentration,
and “O‘ Ip(z) dz accounts for the attenuation of the pump laser beam due to

absorption and scattering.
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The Ramen gain coefficient in a wavelength region free '+ - =zlectrcnic or

vibreticnal resonances is given by

8Wc)‘s 37
= T =
€= & ne ey 3
S v

where an is the Raman linewidth.

The change in intensity of the Stokes probe beam upon traversing the

sample is

L 4
1.(0) [exp (ng Ip(z) dz) - 1J . (3.10)
¢

In the small-signel approxinstion for which the Raman gain is low and

atsorption of the nump beam is negligible., Egn. 2.10 can be wriiten as

A = gNL . .
Al gN Islp (3.11)

Similarly, the loss in intensity of 2 probe beam at the snti-Stokes frequency
is
! ~ =gNLT .
glas &L ast (3.12)

From Egns. 3.11 and 3.12 the SRS signals are seen tc te linear in species

concentration, 4ifferential Reman scattering cross-section, sample path length,

and laser intensities.

An alternaiive theoretical description of the SRS process in terms of

the nonlinesr polarization and third order susceptibility [3.227 shows the
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and theref.re directly reflects

dex ‘n., pr.reriicnal

“he Raman syrectra. In additicn, a refractive i
is induced in the medium at the frequency «f the pr. be beam. The
s crrs o (3 5o s ; ; -
electronic background centribution Yo 18 identical t.- that in a CARS
exrerirent but affects the SREE measuremen® cnly indirectly “hrcugh the
refractive index variavicn which may lead * s slight disterticn f the

vrobe beam at very high pump powers.

2.2.3.2 Experimental Technigues for 8Ra

[N

The experimental appsratus used for a CRS measuremen’ is similar *.
“hat shcwn in Figure 3.5. In the case of SRE. *he pump and prbe beams can

o

alsc be made colinear since phase-matching is nct required. If ‘his is

e beam from Lhe pump

done, dispersive elements are used %C sernara‘e the ¢
beam after exiting the sample., If *he rump lzser i pulsed <r amplitude
mcdulated. the pericdic SRS signal impressed on the Utokes laser beam can be
detected using gated or synchronous detection ‘echniques.

SRS measurements have been demonstrated using bc+th cw and rulsed lasers.
The use of a narrowband cw probe beam permits the attainment of a resoluiion
limited only by the laser linewidth [3.56, 3.57 . Alternatively. a broadband
probe laser can be used in conjunction with a2 spectrometer and a linear array
detecter to record an entire SRS spectrum in a single laser pulse (as short
as 10 ns). The sensitivity of these measurement techniques may alsoc be

inereased by placing the sample with.in the cavity of the probe laser [3.55,

3.58-3.601.



i...2.3 Use of | Tur Quantita‘ive Analysis

The li-tle repurted werk - n the suanti-ative use &
minimum detectable ccncentration of individual components in mixtures lies
] - -1 N
in the range - f 10 310y 73.58, 3.60". Thus the sensitivity <f SR is

in*ermerdiate between tha' «f CARY and spcntane  us Faman sca%‘ering.

Heoonance © measurements are «lsc 1 ssible, and intracavi*y measuremen<s
& rganic dyes in ethancl have been demcnstrated ut concentra*icns as lew

-6 . ) : : s s
ne 1Y "M using inverse Raman scattering and 2 x ~ . i sging Paman amplifi-

Fstimates of the detection capabilities «f SRO for gases at atmospheric
pressure indicate that* Hg could be detected at a concentraticn of ~ 1 ppm
ucing a 1 M# frequency-doubled Nd:YAG pump laser {10 ns pulse time duration
and cperated at 20 pps), a 1 W cw dye probe laser. and a 3 ¢ integration
time [3.61’. Lewer hydrogen concentra‘ions could be measured by increasing
the integration time and/or the pump laser power. Hcwever, the maximum
pump power which can be used will be limited by ssturaticn or the threshcld
fcr stimulated Frman scattering in the solvent.

Since phase-matching is not required for SRS. multi-pass light trapping
cells may be used to further increase the sensitivity of SRS measurements.
Such multiple-pass cells are capable of providing an estimated 50-100 fold
increase in sensitivity [3.611. The use of hollow-core optical fibers haz
alsc been suggested as. a means of increasing the interaction path length

for solution measurements and thereby lowering the detection limit [3.417.
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“.-  Pvaluaticn of Haman Ucat'ering Me'heds [ r lse in Nuclear-Fuel

.2.5%.1 irevicus Use in the Nuclear Fuel ycle

5]

Srcntanecus Raman srectr sovpy has been used in che nuclesr fuel cycle
te measure oxyanicns in nuclear waste ma‘erials., Measurements have heen
made ¢n waste liguors from the Savannah River ilant 73.007 and (n waste
liquers. salt cake. and sludge (eomposed £ inscluble salis and hydr xides)
frim the Hanford Plant 73,277, The measurement f the icnic eompesition of
*hese radicactive waste materials is essential tr monitoring the integrity
¢f the liquid nuclear waste stcrage tanks. developing nuclear waste solid-
ificaticn methcds. and reducing waste liguors t: salt cake uging previcusly
develcred prccedures 73.277.

In making these spontanecus Raman measurements the radioactive waste
samples were first clarified by filtratic.: cr centrifugati n and then sealed
in glass capillaries for control cf radicactivity. Thne L85.0 cr 514.5 nm
lines from an argen ion laser were used to excite the sample, and the Raman
spectra were recorded using commercial Raman spectrometers. The oxyanions

o - - 2- 2- 3- 2. -
measured incinded NO,, NO3, S0, » 003 » PO . Cro AJ&(CH)L. and Claol+

L o. To
difficulties were experienced with sample flucrescence althcugh the radio-

active waste samples were observed to be distinctly yellow or yellow-green

in color due to high nitrite and chromate ion concentrations [3.2671.

In measuring the Savannah River Plant waste solution, the 1050 cm_l line
cf No;, which is present at a high concentration in the waste, was used as an
internal standard [3.26]. The NO% concentration was then independently
measured relative to the 935 cm-l line of Czoi after the addition of a known
quantity of 2M Naczoh to a radicactive waste sample. Peak height measure-

ments were made with the reproducibility of a single peak height measurement

being * 4.6% at the 95% confidence level.
3-29



e meacuremens, 57 e om in ‘ve waste » 10lonowan on

presinle witho prior e nodue oy st g alt e 1 ki

T nothe excertion o f ”(;- the ‘- tal zmeasuremen® Y r oanalysie
f ns in ‘he afc rd waste hy spontane us “aman ceatcering was 1,

Bearre mrared o fhe et fmated T.v-% ¢ hogre owenld one required

oomeasnre these rame aniong ucing s nusher  f different oonvens i

cql methods, the advantare f *he simldtanerus analycis ecayn: 171

f o ntane ne Haman ecectrocn py i evident,

3.2.k.7 Pussible Measurement Species

The measurement cf gaseous species in a nuclear-fuel pr-cessing plant by
the Raman scattering metheds will net be considered here since. with “he

ases are ail at

exceiticn - f NCX, the concentraticns <f interest fcr the o
'r below the detecticn limit for the Raman methods (~ 100 ppm). A number of
species in solution could possibly be measured at ccncentrations abcve lO—b - 10
using the various Raman scattering methods. The area ¢f greatest aprlicability

for these methecds would prcbably be for process contrel althcugh measurements

could alsc be made for accountability and effluent control.

In the head-end operations for the coprocessing process, Raman scattering
cculd be used to measure the concentraticns cf uranium, plusonium and
pessibly neptunium in the form of nitrates in the dissclver tank and
adjusted first cycle feed (1AF in Figure 1.2) at or below the concentration
levels listed in Table 1.3. In the Thorex process, Raman measurements of
thorium and possibly protactinium concentrations in the head-end operation
could be made. The concentration of HTO in the dissolver scluticn will
probably not be measurable with these methods unless resonance enhancement

is used to increase the sensitivity of the Raman methods or tritium recycle
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sample scluticn be filtered pricr tc any Raman measurement,.

From the design guidelines for the loss of uranium and plutonium to the

aquecus waste streams (< 0.01% for uranium, s {.05% fcr plutenium [3.627) and

the expected concentraticn ranges in the various process streams rescnance
enhancement of Raman scattering will likely be required for the measurement of
uranium and certainly for plutonium in the aquecus waste streams. Resonance
enhancement of Raman scattering should be vossible using tunable dye laser sources

since both UOZ(NO3)2 and Pu(NO3) have strong abscrption bands in the visible

3
region of the spectrum.
The Raman methods could be used for accountability measurements in

homogeneous solutions centaining SMM. These methcds cculd measure the

total concentration of uranium and plutonium but are not expected to be
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Tne relecti-n o f the Raman methrd fo he used f:r a rarticular measurement
will lepend upen a number «f factirs: the expected c neentralisn ranges anc
apecies te be measured; the matrix in which the measurement' is tc be made; the
required meacurement precision and accuracy; the availability <f suiteble
standardiizaticn procedures., and requirements for rapid measurements, cn-line
cavability, and automated cperation. These factors will be discussed at greater

length in the following sections and the principal aavantages and disadvantages

of the Raman scattering methods will be summarized.

3.2.4.3 Isotope and Mclecule Specificity

“he Raman methods are isotope specifice for the light elements due to the
large isotupe shifts in the vibrational spectra of molecules containing these
elements [3.64]. However, in the case of the heavy elements such as the actinides,
the isotope shifts are not expected to be resolvable in Raman scattering.

Each Raman line arises from a normal mode in a molecular species and thus
the total Raman spectrum provides a unique signature of that species. Hgweve.r,

a specific Raman line grising from a particular bond pair will not in general be

molecule specific since this line will occur in any molecule containing this
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rering elther the entire
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shruld be measured «r else - ne romore lines chould be selected

“aman

which are unique t. the m lecule . in‘eres:. i= the smnple. on the .ther hand
i# on entire class of m lecular cpecies are ' be measured, ne r mire Ramen

liner omn be cheosen which cour in every specier in ~hal clarss,  Wor example.

- menitr the relative moncentrntion 0 solvents in che atguecus waste and

1r:cess streams the CH. CH . and O, curetching vibrations in the region between

[

-1 P
O and 2970 cm can be used 73,607,

The isctcpe and melecule specificity of coherent anti-lokes Reman
scattering will be slightly betier than that ¢ spuntanecus Paman scattering or

bands.

stimulated Raman scattering due t¢ ‘he smaller linewidth ¢ f ‘he CA
This slight decrease in linewidth of the CAR’ bands arises from the .<teraction
between the reasl paris ¢f the susceptibility of the sclute (Xr) and the solvent
(xnr) wh h combine in such a way as tc lower the total susceptibility between
the Reman lines [3.32].

The selectior rules for CARC are alsc slightly different from those of
spontaneous Raman scattering since CARD is a frur-rhoten pricess and the
pclarization of each laser beam can be criented independently 73,L01. The
selection rules for CARS indicate that all Raman-active modes will be CARS-
active and, in addition, certain modes will be CARS-active which are neither
Raman- or infrared-active ~3.667. These additional CARS-active modes may
prove useful in increasing the molecule specificity of tais methcd in
instances where spectral interferences may prevent the use of the Raman-

active modes.
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ani may ala interfere with measurements - _us pr ~ess and was-e
creqnm. A varefwl choice «f the Raman lines used {vr each measurement siecies

ant the use «f an inderendently measured internal standard will help tc minimize

thiece and cther matrix effects. .

*he bulk suscer

iange in the analyte ccncentira

effect can be minimized by ncrmalizing the (& signal ¢ the average

nonres. nan”. backgr:und signal some 10-15 cm_l on each side of the analyte
preak ~3.677.

Flucrescence interference, which is cften a problem in spentanecus Raman
scattering. can be eliminated by using either of the nonlinear Raman methods
(CARS or SRs). However, when using these nonlinear methods the presence of
absorption and Mie scattering will have a more pronounced effect on the scattered

signal due to its nonlinear dependence on the overall laser power. In the case of

rescnant CARS it has been shown that absorption of the incident and generated
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able standariizaticon procedures. In sprnianecus man seat!erine. 'he factors

determining the measurement vrecisicn incliuide shei noise in the weak signal.

detect: 2nd stray licht (e.g. flucresc -ce. Rayleigh

and Mie scattering) reaching the detecicr. ‘lnder ideal circumstances US1DE
vheton ecunting the de‘ected signal is she® ncise limited. and ‘he signal-ts -

ncise rasic. 2N, is given by 72.697

where NS is the signal count rate,
Nd is the dark current ccunt rate,

and T is the counting time.
In general, maximizing the signal-to-ncise ratic will resul¢ in *the best precision
and lowest detection limits.

The use of photon counting techniques permits the detection of weak
spountanecus Raman signals with a satisfactory signal-tc-noige ratio. Frcm
Egn. 3.13, the measurement precision using photon counting can be increased by
increasing either the counting rate or the counting time, However, in practice

there are two distinct error contributions which affect the precision of photen
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¢ounting measurements. (ne scurce f errcr arises from the finite counting time

.13 and 4he - sher f'rem fluctuatirns in the experimental conditicns

le.s. oource intensity fluctuaticns | [3.6%7. For mcderate c.unt rates and times.
che errcr in the experimental conditions will generally be much larger than the
standard leviation based on ccunting statistics and will be the limiting factor
in ‘he uvrecisicn f the measurement. The relative standard deviaticn (RSDY fer

sronisne ur Maman measurements is expected to he in the range of 5-2

althugh Llcwer sltandard deviaticns have been reucrted 72.267.

The predcminant source ¢f noise in the nonlinear Raman methods is expected
to be due to amplitude fluctuaticns in the lasers since the generated Raman
signals vary nonlinearly with laser power. The power fluctuations of pulsed

lasers are typically 5% which would result in an 11% fluctuaticn in the generated

CARS signal i3.33] and & 7% fluctuaticn in a SRS signal. C% lasers have

better amplitude stability and beam quality than pulses lasers but are probably
not powerful encugh to be of r-actical use for low level detection using the
nenlinear Ramesn metnods 72.327,

With presently available pulsed lasers, the precisicn of the nonlinear Raman
methods is expected to be in the range of 10-25%. The accuracy of these measure-
ments will depend upon the development of suitable standards to which the Raman
signals .1n be referenced, and the independent measurement of the concentrations
of these standards.

Multichannel data acquisition techniques in which a number of Raman lines
are simultaneously measured have also been used. These techniques have an advantag
over serial data acquisition by wavelength scanning in that the effect of any
source fluctustions is minimized. This should imcrease ths measurement precision

while simultaneously reducing the measurement time [3.717.
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The abscrpcicn of the incident laser radiaticn c¢r -he Raman ¢

she samyle s:lution results in a multiplicative interference. The effec

of this interference is tc change the slcpe of the analytical curve 73.707.

Abscrption in the sample can be minimized by the prover choice ¢r the

excitaticn freguencies, and present nmust be crrrected for in the measure-

mens.

3.2.4.6 Standardization Procedures

The use of an internal standard provides the greatest measurement accuracy
for Raman scattering since it undergoes the same irradiation conditions and has
the same light coliection efficiency as the analyte species. This internal
standard can be a Kaman line from either the solvent or another species in
solution which can be accurately measured independently, cr else a substance
which is added to the sample in a known concentration. For the greatest
measurement accuracy, the concentration of the standard should be chosen so

that the intensity of the standard line is in the range cf that expected for

the analyte. Some commonly used internal standards are NO3

and czoi for
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aquecus samples and CC;h for organic samples. The use ~f -he nr-nrescnant back-
grcund signal Trom the sclvent in a CARD measurement has elsc been suggested
ar o possible internal standard {3.53. 3.671.

For -n-line measurements in a fuel rrocessing slent. the additicn of 2
foreign substance as a standard tc the process soluticn cculd prssibly alter
the chemical system and adversely affect the separation prccess. Therefore the
firct choice for interpal standards should be those substances alrescy present
in ihe preocess soluticns and which can oe accurately megcured independently.

For off-line Raman measurements the addition of a known cencentraticn of a
standard substance should be ccnsidered.

The use cf an internal standard alsc reduces the time renuired for a measure
ment since cnly a single sample need be measured. In conzrast, when an external
standard 1s used the accepted pro~edure is tc run sdectrz in the crder standard-
sarple-standard and then ccmpare the integrated line intensity of the sample

tn tl-e average of the two standard measurements [3.l2].

&,7 Measurement Time and Cn-~Line Capgbility

The measurement » for he various Raman technigues is a function of
the intensity of the¢ scatter_. signal. The measurement time for the nonlinear
Raman methods is five or mcre orders of magnitude shorter than that required
for SRS. Multichannel data acquisiticn techniques have been used tc significanti
rednuce the time required fcr a measurement thereby permitting cn-line measurement
in real time.

In a spontaneous Raman measurement of a dilute analyte species the time
required to scal the entire Raman spectrum (0-3000 cm'l) will probably be in

the range of 0.5-1.5 hours or longer. On the other hand, using a multichannel
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detecticn system spentanecus Raman measurements have been made over a range
- 5 -1, . : . .

of several nundred cm in 20 ms for svecie concentratieons in the range of

C.15-2,50M "3.717. A laser Faman spectrcmeter carable of real lime con-line

mcnitering of gaseous species at pressures as lw as 0.3 torr has  1so been

Mue to the high conversicn efficiencies of “he ncnlinear R-man processes
the time required for a neasuremenc can te extremely sncrt. For exemple, the
entire C-branch CARS spectrum from Hz or HF can be reccrded in 20 ns by using a
G-switched ruby laser, a broadband dye laser, and a multichannel detection system
73.722. The measurement time fcr licuid sclutiocus using CARS will depend upor
the spectral range to be covered due to the recuirement for phase-matching. In
general, measurements can be made cver ~ 150-300 o -1 befr = readjustment cf
the phase-matching angle is recuired [3.€77. Thuse-metching is .. . necessary
with SRS and single pulse measurements have beer made cver a range of more nan
700 em™ - 1th a time resoluticr of 30 ns 73.55°.

The cn-line capabil ies of CARS have been demonstrated by mcking measure-
ments in flcwing capillary cells at flow rates from 0-30L ;m-s_l with no observed
reduction in the signul tc n-ise ratio [3.:8]. Tre only restricticns for on-line
CARS measurements are that the sample solution shcould be filtered %o remove
suspended solids which would cause Mie scattering ana t absorpticn losses
in the solution should be kept to 2 minimum. The existence ¢f & rption in the
sample will affect the CARS signal level but not the signal-tc-noise ratic of
the measurement [3.68]. The on-line capabilities of SRS have yet to be

demonstrated but should be similar to those of tie CARS methed.
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3.2.4.8 cCapability for Autcmated Operation

Programmable calculators and multi-channel analyzers have been used in
automating spontaneous Raman measurements [2.73, 3.747. These automated Raman
systems utilized photon counting electronics to obtain the Raman signal in a
digital fcrm. The use of digital data collection and analysis has several
advantages for use in Ramen scattering measurements: the signal-tc-noise
ratio of weak Raman lines can be improved by either collecting data over long
counting times or alternatively through multiscan averaging; the data can be
smoothed by numerical convolution; the peak positions can be accurately deter-
mined by numerically calculating the first and second derivatives cof the
spectrum; the Raman lines can be numerically integrated and referenced ‘>
lines of the standard, and other operations can be performed on the data
automatically as desired [3.737.

Digital date acquisition is particularly important if a multichannel
detection system is used to simultaneously measure the Raman spectrum cver a
wide spectral range. Computerized processing of CARS spectra may also be
required to unravel the changes in lineshape with analyte concentration to obtain
meaningful results.

Micrcprocessor- and calculator-controlled dye lasers have recently come
into the marketplace [3.75] and offer completely automated wavelength scamning.
In the case of the nonlinear Raman methods (especially CARS) automated laser
operation is desirsble for continuous scanning capability. As the frequency
interval i, " g in a CARS experiment is varied a number of parameters must be
adjusted: (1) the wavelength of the Stokes laser; (2) the phase-matching angle
of the Stokes and pump laser beams; (3) the mechanical stage containing the

detector, mornochromator or interference filter, and the spatial filter; and
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(4} the bandpass cf the menochremator (if used) [3.67]. All of these parameters

can be computer controlled althougn the completely automzted cperation

of a CARS experiment has yet to be reported.

3.2.4.9 Summary of the Principal Advantages and Disadvanteges of the Raman

Scattering Methods

The principal advantages end disadvantages of the Raman methods for quanti-

tative analysis are summarized in Tables 3.5-3.7.
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Table 3.5. Summary cf spontaneous Raman scattering.

Advantages:

1.

i.

Spontaneocus Raman scattering is simple in concept and straight-
foerward in operaticn; complete packaged instruments are commer-
cially available. t uses a technology which is well understocd
and developed and therefore ig the mcst widely used laser-based
analytical method.

The scattered light contains the entire Raman spectrum of each
molecular species in a sample, and the methed is molecule specific
so that a number of species including internal standards can be
simultanecusly mezsured. Iis multichannel detection capability
can permit rapid measurements and minimize scurce instabilities.
Spontanecus Raman scattering is alsc isotope specific for molecules
containing light atcms.

Spontaneous Raman scattering can be used for on-line non-destructive
assay (NDA) or off-line measurements using small samples (< 1 ug)
sealed in melting point capillary tubes.

The Raman signal scales linearly wish sample ccacentration sc that
interpretaticn of the data is straightforward.

Disadvantages:

The Raman signal is extremely weak and inccnerent. The minimum
detectable concentrations are ~ 1077 - 107“M in solution and

~ 100 ppm for gases at atmospheric pressure. Resonance enhancement
can pe used to detect lower concentraticns al the expense of greater
experimental complexity, loss of simulitaneous measurement capability.
and more difficult data interpretaticn and standardization.

Possible sources of interferences such as Rayleigh and Mie scattering,
fluorescence, and Raman lines from the solvent or major sample con~
stituents may partially or completely mask the Raman signal.




le 3.6. Summary of coherent anti

Advantages:

1. The CARS signal is in the form of 2 c-herent diffracticn-limited beam
at the anti-Stckes frequency. This provides a very high signal
collection efficiency {~ 10U}, permits excellent rejection «f back-

grour ' flucrescence (\,109 belter than spcentanecus Raman scattering),
and allows the signal to be transmitied cver long vath lengths f'-r
remote measurements.

2. The CARS process has 2 very high light sca-tering efficiency (: .
1% cr > 10° better than spontanecus Raman scattering} which prevides
a real-time measurerent capabilisty (< 27 ns time rescluticn}.

3. The spectral resolutinn is dependent on the bandwidth of the Sirkes
laser. This permits the use of a narrcwhband Stokes laser for high
spectral resclution (e.g. for gases) or a broadband Stokes laser Sor

simultanecus measurement capability of many svecies.

L. There is a pcssibility of detecting vibrational mcdes which are
neisher Raman-or infrared-active since CARS is a four-phot-n pr cess.

Disadvantages:

1. The sensitivity «f CARS is limited by
resonant background signal due t< ~'. This generally limi<s -he
detection limi< t< ~ 0.05M4 for 1li s-luticns and -- 103 »ppm
for geses at atmespheric pressure. Tes-nance enhancement or fcur-
wave mixing techniques are required for lower detecticn levels.

The CARS signal is nonlinear in N, y”3‘. and P_:

,“he generaticn of a ncn-

o

D
. 2 : . .
a. The CARS signal scales as N~ at high cencentrations and as N at
low concentraticns (due to the r gr term in W37 [23

b. Interactions with neighbeoring Raman lines. the nonrescnant back-
groun¢, and electronic transiticns can caure strong perturbaticns
of the CARS spectrum. At presen’ a computer f£it to ~he CARS
spectrum is concidered necessary for its interpretation.

¢. Amplitude fluctuations «f the lasers will be “he mzjcr = urce of
noise in CARS and limit its precisicn tc ~ 12-25%.

3. Clearly defined standardizaticn procedures imust be developed for
CARS to become a relialle guantitative analytical method.




Table 3.7. Summary of stimulated Raman scattering (SRS).

Advantages:

1. The SRS signal is in the form of a coherent diffraction-limited
beam at the Stokes or anti-Stokes frequency. This provides a very
high signal collection efficiency (~ 100%), permits excellent
rejection of background fluorescence, and allows the signal to be
transmitted over long path lengths for remote measurements.

2. The SRS process has a high light scattering efficiency which
pernits real-time measurements to be made with a time resolution
< 20 ns.

3. The spectral resolution is dependent on the bamdwidth of the probe
laser. A narrowband probe laser provides high spectral resclution
(< 0.01 cm'l) while a broadband probe laser provides a simultaneocus
measurement capability over several hundred em-l.

L. The scattered signal scales linearly with N, Imx(S), Py, Ps,as-
The SRS spectrum resembles that for spontanecus Raman scattéring
so that data interpretation is simplified.

Disadvantages:

1. The sensitivity of SRS is limited by the background "bias" level
of the probe beam. The minimum detectuble concentration is
~ 1073 - 10-1M in solution and ~ 100 ppm for gases at atmospheric
pressure. Resonance enhancement can be used to lower these
detection limits.

2. The maximum pump power which can be used is limited by the onset
of stimulated Raman or Brillouin scattering in the solvent.
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3.3 Absorption Spectroscopy

Absorption spectroscopy with conventicnal light scurces has been developed
into a reliable analytical method for the measurcment of atomic and molecular
species. The use of tunable laser sources in absocrption spectroscopy
has greatly increased the measurement sensitivity and resclution while simulta-
neously decreasing the measurement time. The impact of lasers in absorption
spectroscopy has been most dramatic for gaseous measurements permitting the
measw ment of a number of species at concentrations below 1 ppb (part-per-
billion). Species in liquid solutions can also be measured by laser absorption
spectroscopy at concentrations # lO_hM.

The laser sbsorption methods which will be considered in this study are
external absorption spectroscopy, optoacoustic spectroscopy, and intracavity
absorption spectroscopy. Conventional light sources (e.g. hcllow cathode and
electrodeless discharge lamps) have proven to be very sensitive in at:mic
absorption spectroscopy, and have inherently better stability than laser
sources. For these reasons, the use of lasers for atomic absorption spectres-
copy will not be considered in this report.

In external absorption spectroscopy the sample is vplaced ocutside the
laser cavity, and the laser power transmitted through the sample is measured
to determine the absorption by the analyte species. An alternative to this
method is optoacoustic spectroscopy in which the energy sbsorbed by the analyte
species is measured directly by detzcting the pressure or temperature rise in
the sample. A third method for laser absorption spectroscopy places the sample
inside the cavity of a homogeneously broadened laser and observes the effect of
the analyte absorption on the spectral output of the laser. This technique,

termed intracavity absorption spectroscopy, can enhance the measurement sensi-
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tivity by scme twe to five orders of magnitude cver that which woild be cbtained
for the same sample by external absorption spectroscopy. A number 6f reviews

“ these and cther laser absorption methods have apreared in the literature

<

2.k-3.6, 3.8, 3.767.

Txternal Absorpticn Spectroscopy

The simplest spectrascopic meticd that can be used tc measure the eon-
centration ¢f a substance is direc: absorption based upon Beer's law. The
high spectral pewer density and narrcw emissicn linewidth of *unable laser
scurces provides increased sensitivity and resolution in abs~rption measure-
ments. In addition. the highly collimated cutput beam from a laser permits
very-lcng-path abscrsticn measurements of localized species {using multiple-
pass cells) or of remc<e species {using LIDAR techniques). In :he case cf gases
it has been pessible tc measure absolute absorption ccefficients as small as

10_9 cm—l using external absorption spectroscopy [3.771.

3.3.1.1 Explanation of Method

When a 1ight beam of intensity Io traverses an abscrbing medium, the

intensity of the emerging beam can be expressed by Beer's law:

1(x) = 1.eF (3.1%)

where N is the concentration cf the absorbing species,
o 1s the abscrptiun cross-section,
and L is the path length traversed through the absorbing medium.

The absorbance, A, of the medium is given by



A= - logle(zf—ky
o i
This is the quantity which is generally measured by conventional absorption
spectrophotometers.

For multi-component mixtures. the abscrbance is additive as long as there
are nc interactions between the absorbing species. Cn the cther hand, the
absorbance is influenced by chemical factors (e.g. the shifting of chemical
equilibria, changes in temperature. sclvent effects, and ccattering of the
light béam) as well as instrumental factors (e.g. variation: in scurce
intensity. nonlineir detector response, and the presence of stray lignht
reaching the detector ) [3.70. 3.787.

Quantitative absorption spectroscepy is performed by comparing ihe
absorption cf light at a selected wavelength by a sample with that eof a
series cf standards. 1In the absence cof matrix effects a serles of neutral
density filters, each being a specified optical density, can be used to null
the signal in a differential absorption measurement. If matrix effects are
present the composition of the standards should clesely resemble that of the

sample for greatest measurement accuracy.

3.3.1.2 Experimental Techniques for External Absorption Spectroscopy

The experimental apparatus for external absorption spectroscopy in its
simplest form consists of a tunable laser, a sample cell, and an optical
radiation detector. As the output from the laser is passed through the absorbing
sample, the transmitted power is measured by the detector. If the laser wave-
length is scanned the absorption spectrum of the sample can be measured.

Alternatively, if the concentration of a particular analyte species is to be

3-47


http://nonline.tr

monitored as a function of time, the laser wavelength may be locked to an
absorption line of the anulyte species.

In the visible region of the spectrum tunable dye lasers are generally
used as the spectral source for absorption measurements. These lasers may also
be frequency-doubled f. s measurements in the ultraviolet. In the case of
absorption measurements in the infrared, a number of sp:ctral sources are
available: semicond' *or diode lasers, high pressure gas lasers, parametric
cscillators, frequency mixing techniques, F-center lasers, and spin-flip
Raman lasers. The choice of & specific laser type will depend upon the

particular measurement species and circumstances.

3.3.1.3 Use of External Absorption Spectroscopy for Cuantitative Analysis

The largest body of work cn the quantitative use cf the external absorp-
tion method has been in the area of air analysis. In localized absorption
measurements the use of tunable lasers has made possible the detection of

9 3

gaseous species at relative concentrations of 1077 in a volume of 1 em” when
the total gas pressure is several tens of torr [3.57. The development of laser
absorption techniques for sclution measurements has received little attention
until recently due to the strung absorption of water and other solvents in
the infrared. However, with a CO2 laser (~ 1 W cw) and a short pathlength
absorption cell (~ 100 um) it has been possible to measure a number of species
in aquecus solution at concentrations of < lo'hM 73.797.

A large number of gaseous mclecular species have been measured with
tunable infrared lasers and these measurements are summarized in Table 3.8.
In the case of the paramagnetic molecules NO and N02, absorption measurements

could be made by Zeeman-shifting the molecules into resonance with a fixed

frequency CO laser. With tunable dicde lasers, gaseous species have been
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Table 3.8. Localized measurements of gaseous species by external ahscrpticn spectroscopy.

.

Analyte Total Gas Excitarion Absorption Minimum Detectable
Species Pressure (torr) Laser Type Frequency(cn~1) Pathlength{em) Concentration (ppb) Reference
NO 30 co 1884.3 90 250 3.80
o, 27 co 1616 18 1500 3.81
e 1880 c.ng?
NO 1600 0.02
st 1150 2
co 2120 2.01
co, 1075 300
co, 2350 R
i
1,0 10 dicde 135 ECR 50 3.77
S0, 1140 3
502 1370 .3
o4 1050 2.5
NH 1050 2.0%
cH, 1300 2.03
o 760 - .- 153 2.8° 3.33
ll‘<:02 2.7 Niode 2226 330 2.5x10% meleen”3 © 3.92
» -
e, 10 Pode 2226 . ~ 197 rol-em3 © 3.83

These minimum detectable concentrations estimated assuming a sensitivity of 13'9 cm *,

Estimated for S/N = 1

Estimated

1
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measured with abscerption coefficients as lcw as 1077 e “3.777. And wich
a ling peth (~ 300 m) White cell it has been estimated “ha. 5as conot “icns
ol ~ 1 ppb could be measured for weakly absorbing molecules suzh as 502 and
several ppt (parts-per-triliion) for strongly absorbing molecules such as 5C.
Abscrption measurements in aqueous solutions are difficult in the infrared
due to the strong background sbsorption of water which requires the use cof
very thin sample cells. The small analyte abscrption over such short path-
lengths generally restricts mensurements to analyte con eniraticns of typically
seversl g-;hl when conventional infrared spectircphotometers are used 23.79]-
However, vith a COL laser source the detection sensitivity f r a number cf
anions in aqueocus solution has been improved by over twe crders of magnitude.
This improved sensitivity wes abtributed ¢ the much higher spectral irradiance

of the laser scurce. The details of these measurements are summarized in

Table 4.7,

-4
In these measurement. only about 10 of the incident power from the 1W cw

CO2 laser was transmitted through the ~ 100 um thick sample cell; and continucus

flowing - e sample soluticn was required to minimize localized heating
effect Later measurements showed that an equal detecticn sensitivity
for . .d be achieved using a Q-switched CO, laser which cperated at a much

lower average power level {~ 20 nW) and therefore minimized sample heating.

Since high averusge power cw lasers are available only for restricted wavelength

ranges in the infrared, the possin»ility of using pulsed lasers should greatly

increase the wavelength range over which absorption measurerents can be made
in liguid solutions.

The use of tunsble lasers for absorption spectrosccpy in the visible has
received little attention although a number of technicues have been developed

for the rapid electronic wavelength scanning of cw dye lasers [3.84.3.87]. Aan
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Table 3.9. External absorption measurements of anions in aquecus scluticn
using a CO, laser®

CQ, laser Wavelength Minimum Detectable Concentration

Anion m Lasing Line mg-z_l ¥

sop~ 9.28 RS 10 5.7 x 1070
HPOJ:L .26 R22 & 5.6 x 107>
H, POy 9.26 R22 15 1.3x 107
c20] 10.25 R20 30 2.5 x 107"
czo; 9.20 R3u a7 2.0 % 10"“
Crzoi- 10.59 P20 35 1.4 x 1078

a. Reference 3.79.



electrooptically scanned cw dye laser has been used tr. repetitively measure
the absorpticn of a crystualline Nd:YAG sample over a wavelength range of
12.5 nm with a scanning time of 10 us "3.877. This permitted the absorption
spectrum to be displayecd i1 real.time cn an oscillescope. Although this
technique has not yet been used for quantitative analysis, it nevertheless
shows the pctential use of electrocnically scanned dye lasers for visible

abscrption measurements.

3.3.2 Optoacocustic Spectroscopy

External absorption spectroscopy measures the small change in the trans-
mitted laser power due to sample absorption, whereas optoacoustic spectroscopy
measures directly the power absorbed in the sample. The absorption of energy
by a substance produces a localized rise .n vressure and temperature within
that substance due to nonradiative relaxation processes. The pericdic pressure
variation in a substance produced by the absorption of energy from = source
which is modulated at an acoustic frequency can be detected if the substance
is placed in a cell containing a sensitive microphone. Although the discussion
below will be confined to the use of laser sources, the optoacoustic effect

has also been observed at microwave frequencies [3.887.

3.3.2.1 Explanation of Technique

When the wavelength of a laser coincides with that of a vibrational-
rotational transition in a molecular species, the energy sbsorbed by the
molecular species, AE, is:

_ -No L)
ae = EO(; " e (3.15)

~ EONO‘L for NoL<< 1
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where Ec is the incident laser energy lying within the absorption linewidth

N is the concentration of the molecular species

o is the absorption cross-section-
and L is the ebsorption pathlength.
This absorption of energy transfers the mclecules to a higher lying vibrational-
rotational state(s) with subsequent relaxation to the giound state by either
rediative or nonradiative (collisional) processes. The nonradiative relaxation
of molecules to the ground state releases energy producing a pressure and
temperature rise in the sample cell. And, if the exciting laser radiation is
periodic in nature, a periodic tvaviation in pressure will be produced which
can be detected with the aid of a sensitive microphone placed in the cell.
In the small signal approximation of Eqn. 3.15, the detected signal will scale
linearly with the laser intensity and species concentration for a sample cell
of fixed dimensions.

The sensitivity of a capacitor microphone is sufficient to detect absorbed
powers in the range of lO"9 - 10‘8w for an absorption pathlength of 10 em when
the detection system has a bandpass of 1 Hz [3.5]. Theoretically, the minimum
detectable power is set by Brownian noise in the microphone membrane. However,
in practice it is much higher due to absorption of laser light by the windows
and walls in the sample cell resulting in the generation of & synchronous
background optoacoustic signal.

To date, the optoacoustic method has been used to detect a number of
gaseous species in the 1-10 ppb range and solution species at concentrations
as low as 9 x 1000 mol-em™ (0.08 g - 2£71) [3.89]. And although the method
is generally applied to vibrational transitions in the infrared due the require-

ment that the absorbed energy be converted irto heat, it can also be used in
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the visible cr ultraviclet for electronic ‘ransitions having a low radistive

quantum efficiency [3.07. 3.7911.

3.3.2.2 Experimental Techniques for Cptoacoustic Spectrosccpy

The experimental arrangement for the optoaccustic measurement of gasecus
species is shown schematicallv in Figure 3.€. The laser, generally operating
in a.cw mode, is tuned to overlap a vibrational-rotational transition of the
molecular species to be measured and is directed through the sample cell.

The laser is amplitude modulated at an accustic frequency by a mechanical
chopper, and the cptoaccustic signal is detected by a sensitive capacitor
microphone. The electrical signal from the microphone is demodulated by a
lock-in amplifier and is normalized to the exciting laser intensity.

The detection limit for optoacoustic spectroscopy is generally set by
the background signal level due to absorption in the windows and walls of the
cell which is usually about two orders of magnitude larger than the Brownian
noise level [3.85, 3.927]. This relatively constant background signal must be
subtracted from the total measured signal to determine the signal arising from
the mclecular species of interest. In principle the wavelength independent
background can be minimized by either frequency modulating the laser source or
using a two-cell detection technique [3.88]. In this latter technique the
laser beam passes through the sample cell and an identical reference cell con-
taining the same gas composition as the sample cell minus the constituents
to be measured. A ‘transducer comnected between the two cells measures the

pressure difference which is proportional to the concentration of the desired

measurement species.
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For trace gas measurements, the optoacoustic signal level can be increased
thrcugh the use of acoustical and/or optieal enhancement technigques. Accustical
enhancement of the detected signal can be achieved by modulating the laser
intensity at a frequency which is identical to a natural resonant acoustic
frequency of the sample cell [3.88, 3.93-3.951. A @ of 890 hae been reported
using a cylindrical sample chamber (5.3 em radius and 10 em length) designed
to operate at the first order radial resonance frequency at ~ b KHz [3.88].
Operation of an acoustically resonant cell at a very large Q factor, however,
requires an extremely stable chopping frequency since any small frequency
variations will cause a large change in the detected signal level. Therefore,
for good signal stability it is often preferable to use a lower Q (~ 100) and
further increase the signal level using optical enhancement techniques [3.9L7.
An optical enhancement of the detected signal by a factor of 10-100 can be
achieved by propagating the laser beam back and forth through the sample cell
many times with either a multiple-pass arrangement [3.91] or by placing the
sample cell within the cavity of the exciting laser [3.95]. With these
resonant enhancement techniques it is possible to detect gaseous species at
concentrations of several ppb or lower c¢ver a 10 cm path length.

Measurements of molecular species in liquid solutions can also be made
with optoacoustic spectroscopy. However, due to the presence of absorption-
by the solvert, frequency-switching techniques are generally used whereby the
sample solution is irradiated alternately at two different wavelengths from
the exciting laser [3.89, 3.56]. These wavelengths are chosen so that the
solvent absorption remains relatively constant while the analyte absorption

is highly different at the two wavelengths.



3.3.2.3 Use of Optoacoustic Spectroscopy for Quantitative Analysis

The reported use of optoacoustic spectroscopy for quantitative analysis
has dealt primarily with the measurement of gasecus species and to & lesser
extent with moclecular species in binary liquid sclutions. The gas phase
measurements are summarized in Table 3.10. The measurements made using cw laser
sources indicate that concentrations cn the order of 10ll mol-cm_3 can be
detected at atmospheric pressure for a number of molecular species.

Optoacoustic measurements of species in agqueous solution with an infrared
laser source are complicated by the strong background absorption of water. In

the measurement of aqueous ammonium sulfate with a cw CO, laser, a frequency-

2
switching technique was used whereby the sample was alternately irradiated at
9.25 and 10.675 um corresponding to regions of strong and weak absorption of
the analyte species [3.96]. The relative amplitudes oé the laser cutput at
the two wavelengths were then adjusted to give a constant background signal
due to absorption by the water in the cell. With this background nulling
technique it has been possible to measure on the order of 100 mg—z-l of
(1\1':1,_‘)250)1L in solution. A similiar frequency-switching technique has been
used in the visible with an argon ion laser to detect B-carotene in chlorc-

0

form at concentrations as low as 0.08 ug-[1 (9 x 10% mol-cm-3) 3.897.

3.3.3 Intracavity Absorption Spectroscopy

With intracavity absorption spectroscopy (IAS) the apparent absorption
of a trace species can be increased by several orders of magnitude by
placing it inside the cavity of a homogeneously broadened laser. This

enhancement of IAS when compared with a single-pass external absorption
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Table 3.10. Meagurcmenta of gaseous

speclea by optomcouatic mpectruscopy.

Anslyte Total Gas
Species Pressure (borr)
RF -~ T60
W -
RO ~ 300
L] ~ 15-20
0 - 15-20
0, ~ 760
<o, ~ 760
o, 10
50, ~ T60
A, ~ T80
Cafy 500
Sy -

Laser Type Power (W)

pulsed WF > 1 I/pulse

pulsed W 0,02 J/pulse
cw spin-Tlip Raman 0.015

cv spin-flip Raman
ow apin-tlip Rsman
pulsed HF
pulsed 00,
ow dye
frequency-doubled ow dye
Zeepan-tuned ow He-Ne
ow 002

ow €0,

5x 10‘6.1/pu1.e
1 J/pulee
0.25
0.001
6.015
~1

~ 1

Measurement

F}Euency!ul'lz

1824.33
1887.6
1889.6
3ebh.24
guh,2
580-610 nm
300.05 nm
-~ 2950
949.43
9.3

Absorption

Pathlength{cm)

10
10

Regonance
Enhancenent

Ha
No
o
No

Ho

Minimum Detectable
_.Concentration

10 ppb

10 ppm

10 ppo®

1.5 1 16% wieca™
<10 so1-ea”3
10’ fo

1 ppm

20 ppbn

0.12 prd

10 ppb

5 b

©.3 ppo

Reference
3.97
3.97
3.98
3.99
3.9
3.97
3.97
3.9
3.9
3.100
3%
3.9

a. Estimated.



measurement has been attributed tc the multiple passes of the laser beam
through the absorbing medium as well as tc the strong competition of
simultaneously oscillating modes for the avallable energy of the homogeneously
broadened gain medium [3.101-3.1037. Tc date IAS has bLeen used to study atomic
and molecular species in the vapor phase, in licuid soiuzions, and in a flame
containing the atomized scluticn. The Lechnique is ex‘remely sensitive and

shows great promise for use in trace gas analysis.

3.3.3.1 Explanation of Method

The sensitivity of an absorption measurement can be increased by placing
the abiorbing sample within the cavity of a homogeneously broadened laser
(e.g. a dye laser) and observi: - the effect of the sbs.rption on the spectral
distribution of the laser output. In the case of a pulsed flashlamp-pumped
dye laser the observed enhancement in sensitivity is typically a factor of
100, whereas for cw dye lasers enhancement factors cof lO3 - lO5 have been
reported [3.102, 3.10h]. Thiz large enhancement in sensitivity can be quali-
tatively understood since the introduction of an sbsorbing species into the
cavity of & laser will produce an additional wavelength-dependent loss and
therefore reduce the net gain at the gbsorption wavelength. This smsll decrease
in gain will in turn result in a dramstic change in the spectral distribution
of the laser output.

To date, no closed form theory has been formulated fqr the intracavity
absorption puocess due to its extremely complicated mature. It involves the
interaction of an inhomogeneously broadened absorber with a number of effects
occurring in the laser: (1) a "resonstor effect" resulting from the repeated

passes of the laser beam through the absorbing medium, (2) the threshold nature

359
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of the laser process, and (3) the strong mode competition for the available
energy of the homogeneously broadened gain medium [3.1047. The simplified
rate equation models which have been developed so far are incapable of explaining
many of the details of the intracavity absorption process but do show the intra-
cavity absorption to be greatest for the following laser characteristies:
(1) operation close to threshold, (2) strong mode competition, (3) large
spatial relaxation constant, and (4) many lasing modes or broadband operation
r3.105°.

The greatest area of development of intracavity absorption spectroscopy
to date has been in the visible region of the spectrum using dye lasers although
the method has elso been demonstrated in the infrared with Nd:glass end spin-
flip Raman lasers. Two other types of widely tunsble homogeneously broadened
lasers which should be investigated for their potential for IAS ia the infrared

are F-center lasers and parametric oscillators.

3.2.3.2 Experimental Techniques for Intracavity Absorption Spectroscopy

A schematic diagram of the experimental apparatus used for intracavity
absorption measurements of molecular iodine using a cw dye laser is shown in
Figure 3.7. In this arrangement, an iodine vapor cell is placed inside the
cavity of a broadband (0.2-0.5 mm)} cw dye laser and the iodine vapor pressure
is regulated by means of a cold finger on the cell. In principle, the semled
vapor cell cculd be replaced by a flowing gas cell for on-line measurements.

The effect of the absorption of the intracavity sample can be monitored
by cobserving the fluorescence from an evacusted monitor cell containing the

gaseous species to be measured [3.102]. This external fluorescence detection

provides a quantitative measure of the concentration of the intracavity
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absorber while being much more sensitive and considerably simpler then other
techniques which record the output spectrum of the laser. In addition, the use
of photon counting electronics provides a fast {~ 1s), direct readout of the IAS
signal and increases the concentr-~iion range over whici. intracavity absorption
measurements can be made.

Pulsed dye lasers have also teen used fer IAS although the sensitivity
is lower than that observed with cw dye lasers. The detection techniques
generally employed with pulsed lasers rely on observing the laser output spectrum
with a high resolution spectrometer or a Fabry-Perot etalon., The spectrum can

be recorded cn film or by means of a multi-channel detector array.

3.3.3.3 Use cf Intracavity Absorption Spectrosccpy for Quantitative Analysis

The experimental work on intracavity absorption spectroscopy has been
concerned primarily with characterizing the process and determining the
enhancement in. sensitivity over that obtained in a gingle-pass exiernal
absorption measurerent: and little work has been performed on the develcpment
of IAS as a quantitative analytical method. As a result, although the minimum
detectable ccncentrations of a number of species in the vapor phase and in
solution have been measured, few quantitative data have been presented in the
sense of an analytical curve relating the enhanced or apparent absorption to
the concenérations of the absorbing species placed in the laser cavity.

The experimental results for the detection of a number of gaseous species
are summarized in Table 3.11. The JAS method is most sensitive using dye lasers
(ew and flashlamp-pumped) and to date they have been used almost exclusively
for quantitative IAS measurements. The minimum detectable concentrations of

atomic species are several orders of magnitude lower than those for molecular
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Table 3.11. Measurements of gaseous speclies by intracavity absorpticn spectroscopy.

Anmalyte Total Gas Output Measurement Laser Absorption Minisum Detectable

Species Pressure(torr) Laser Type Pover(W) Wavelength(om) Bandwidth{um) Pathlength(cm) Concentration Reference
ta & cwdge  a5x0™ 589.0 - 6x107 15 5 x 10° atons-cn™3 3.106
e few torr (fe)  pulted dye - 589.0 - 1.8 8.0x10° atoms-cn™3 107
s £ pulsed dye -e- u55.5 18.5 L 21078 tore (7210° atoms-ca ) 3.108
§o 10 cw CO 1884.37 ! - 60 1 ppb 3.109
" ~ 300 (He) o €0 0.1-0.15 1900.08 cn™t - 15 76210 torr (3x10"3 go1-ea™3) 3.110
0, £ puleed dye - 50, 450, 590 . 50 501073 vorr (2210 mol-en™3) 3.1
L ’ E o dye 0.20 . € 0.05 2 %107 torr (ux10t mol-ca3) 3308
L E owdye  0.005-0.250 551.6, 589.0 0.2-0.5 5 5.4 x 101 mor-ca™3 3.112
1, £ o dye - ~ 600 ~3.0 1.9 < 5.421070 torr (2010'? wol-ead) 3100

L, 5 pulaed dye > 1J/pulse 5B >3 10 < 107 torr (4102 mo1-ca”3) 310

a. Cell evacuated prior to filling with messurement epecies.
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species due primerily to the much larger absorption cross-section of electronic
transitions. The molecular species which has been exemined to the greatest
extent with IAS is iodine, for which concentrations as low as 5.4 x lO11 mol-cm"3
have been measured over a 5 cm absorption cell pathlength [3.112].

Analytical calibration curves for intracavity absorption measurements
of sodium and iodine in a cw dye leser are shown in Figures 3.8 and 3.9
73.112, 3.113]. 1In generating these analytical curves the external fluorescence
detecticu technique was used and the concentration of the intracavity ebsorber
(contained in a 5 cm absorption cell) was varied by changing the cell temperature
(for sodium) or the tempersture of a cold finger on the cell (for icdine). The
analytical curves obtained in this manner generally exhibit a linear regicn over
several orders of magnitude change in absorber concentration and flatten out
at both very low and very high absorber concentrations. The nonlinear behavior
at low cencentrations is thought to be due to a bleaching of the absorption
whereas at high concentrations it is due tc quenching cf the laser action
[3.105]. The exact shape of the analytical curve depends upon the experimental
parameters of the laser.

A number of rare earth compounds in solution have been detected at con-
centrations as low ar ~ thhM using flashlamp-pumped dye lasers. These solution
measurements are summsrized in Table 3.11. Measurements were made with rare
e arth compounds which exhibit sharp absorption spectra since, when observing
the spectral distribution of the laser output, it is very difficult fo obtain
quantitative information if the intracevity absorber has a complex absorption
spectrum. The measured enhancement in sensitivity for IAS measurements in
salution was 30-35 [3.115]; and the detection limits reported for H0C13 and Prc,e3

in Table 3.12 are about two orders of magnitude lower than those for direct

spectrophotometry of the solutions [3.11&].
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Table 3.12. Measurements of species in solution by intracavity absorption spectroacopy.

Anelyte Species
HnCl,j

mls
Pr(ro,),
Bu{i; )y
NchS

p-Benzoquinone

Measurement Laser Absorption Minimum
Solvent laser Type  wWavelength{nm)  Bandwidth{nm)  Pathlength{cm)  Detectuble T ation(M) Reference
0.1N HCL  pulsed dye 450.% -- 1 ~1x10 M(27 mg-[") 3.1k
0.1¥ AC2 pulsed dye 588.3 - 1 ~1x 1074 3.11h
H,0 pulsed dye 482.5 10-20 2 <6 x 10 3.115
Methanol  pulsed dye 579 10-20 2 <2.4 x 107m 3.115
0 pulsed dye 575.5 10-20 2 <8 x 1073 3,115
Hexane pulsed dye Lgly - - <5 x 10_1‘)4 3.116




3.3.4 Evaluation of Absorption Spectroscopy for Use in Huclear
Tuel Processing Plants

3.3.4.1 Previous Use in the Nuclear Fuel Cycle

External absorption spectroscopy using a tunable diode laser scurce and a

leng path ebscrption cell is being investigated for possitle development of a

1k
* CC, meniter 73.81, 3.1171. Accurate wavelength measurements have been made

for lines in the v, band of ll‘cog, at b.5 ym (~ 2226 om™') [3.1187 and it is
estimated that concentrations of ll‘COE as low as ~,108 mol-cm_3 could be
measwmed (see Table 3.7) [3.82].

i" ‘racavity absorption memsurements of iodine isotopes (I-127 and I-129)
have been made to demonstrate the isotopic selectivity of the technique and
also to determine the minimum detectable concentration. With a 5 em evacuated
iodine cell contsined in the cavity of a cw dye laser, the minimum detectable
iodine concentration was 5.4 x lOll mol-cm_3 {3.1122. This corresponds tc an
iodine-129 activity of ~ 3 x lO'lb Cl—cm'3. The measurement of lower radio-
iodine activities should be possible by increasing the sampled intracavity

volume (absorption cell length and laser beam diameter).

3.3.4.2 Possible Measurement Species

Laser absorption spectroscopy has proved to be a very sensitive technique
for the measurement of gaseous species and shows great promise for monitoring
many of the molecular species present in the off-gases in a nuclear-fuel
processing plant, In general, molecular concentrations on the order of 1-100 ppb
or lower can be measured with the various laser absorption methods. The species
129

N02, HTOC, thOQ, and 12 are expected to exist in concentrations within or

above this range at a number of locations in the oi'f-gas filtration system of a
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fuel prccessing plant (see Tables 1.6-1.9).. In additicn, organic icdides
and tributyl phosphate vapers will be present at significant levels in the
vessel coff-gases, and lO6Ru will be present in the waste sclidification off-
gases.

Megsurements of NCg at ccncentraticon levels belew that exnected at the
main stack in a fuel processing plant (~ 5 pom) have been repcried for both
external absorption and optoaccustic spectroscepy [3.81, 3.907. wWith external
absorption spectroscepy with a tunable dicde laser source and a multipass
sampling cell {. 100 m pathlength) it has been estimated that cho? could be
measured with a minimum detectable concentration of 105—109 mol-cm_3 [3.77. 2.82.
3.83]. This would permit the measurement of luCOE in the dissclver off-gas
filtration system at all pcints before the rare gas recovery stage where the
thO2 is expected to be trapp 1 (see Table 1.6). Intracavity absorption spec-
troscopy has been used to det=ct iodine concentrations below lO12 mol-cm-3
with a cw dye laser "3.104. 3.1127. and it is expected that the minimum
détectable icdine concentration for this method could be reduced by 2-3 crders
of magnitude by increasing the sampled gas volume which presently is
< 0.0L em™3 [3.112].

Water vapor has been detected at concentratiocns of N,loll mol-cm

3 by

cptoacoustic spectroscopy using a cw spin-flip Raman laser source [3.99]. and

12

a detection limit of 50 ppb (.. 10 mol—cm-3) has been estimated for an

external absorption measuremen - using a tunable diode laser [3.77]1. To date
no reported measurements have been made with the strong fundamental abscrption
bands of H2O. In the case of “TO measurements, the vy band at 2365 cm-l
{~4.23 ym) [3.119] could be v-ed for incremsed sensitivity. With laser

absorption spectroscopy it shoi 1d be possible to monitor HTO in the dissolver
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aniowaste

The measurement of TR and <ther hydr-carbrn vapors in the «ff-gases is

alse pessible with laser absorpticn cpectrce ¢y by detecting the C-if stre*ching

L S . . . 1en .
bande in the 3-4 .m region. In “the case of Chll"l rrecent in “he vessel

«If-gases the C-I abscrpticn bands can be de*ected. Additicnaelly it may be

§ 10
pessible ti. detect 6Ru vresent in the waste srlidificaticn < ff-gases by

detecting the vy, band of Rut) at 320 em™t (10.9 ym) "3.1207.
g

The minimum detectable crnceniraticn levels which have heen reported for

laser abscrptirn measurementis £ goluticn species are ~ 17 ' in bcth the infra-
red and visible regions of the spectrum. This level f detection is comparable
t.: or slightly better than that achievei for Raman scattering. The species
which shculd be cunsidjered for measurement by the laser abscrpiicn metheds
are generally the same as thcse for Raran scattering (see fection 3.2.L.235.
The use of absorption spectroscopy, however, is expected to reduce the
prablems enccuntered in Raman scattering dve to sample flucrescence and scatteri
by suspended sclids. Cn the cther hand, with abscrpticn spectrescopy it will
not be possible to simultanecusly measure a large number cf species as in
Raman scattering, and possible problems for absorption measurements may arise
from strong solvent absorption in the infrared.

The measurement of uranium, plutenium, and therium nitrates by laser
absorption spectroscopy is pessible with a tunable dye laser since these
species have well-defined absorption spectra in the visible and near-infrared

regions of the spectrum. The absorption spectra of plutonium in its various



oxidation states are shewn in Figures 3.10-3.12. These spectra have formed
the basis for plutoniur concentraticn and valence determinations using con-
venticnal abscrpticn spectrephotometers 73.141-3.1237. The use of laser scurces
for these measurements shculd permit the detection «f lower concentration levels

and also provide the possit: (ty for en-line menitoring of these species.

3.3.4.3 TIsotope and Molecule fpecificity

The laser absorption methuds will be isotepe specific for the vapor phase
species of interest in a fuel preocessing plant due to the large isotope shifts
in the vibraticnal spectra of these mclecules as well as the small bandwidths
available with tunable lasers 13.%92, 3.112, 3.119, 3.1°47, The absoriticn
metheds are also molecule specific and any interference from cverlapping lines
from other molecular species can generally be =liminated by making measurements
at a reduced pressure (~ 10 torr) cr thrcugh the selecticn of ancther vibraticn-
rotation transition on which to make a measurement.

The broadening of the spectral lines in sclution will prevent any isciope
measurements on the heavy elements such as the actinides. lowever, the abscrpticn
methods retain their molecule specificity for solution measurements as can be

seen for plutonium in Figs. 3.10-3.12.

3.3.4.4 Sensitivity to Matrix Variations

Matrix effects in off-gas measurements in a fuel processing vlant could
possibly arise from overlapping pressure-broadened absorption bands of atmospheric
constituents (e.g. H,O, COQ). These effects, however, can be eliminated by:

(1) proper selection of the measurement wavelength, (2) measurement at a
reduced pressure with a narrowband laser source, and (3) evacuaticn of the space

between the laser source, the sample cell, and the detector.
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In sclutions, matrix effects will be evidenced by 2 slight shift in the
shape and lccation of the absorpticn bands and the value of the absorptivity.
These effects in solution measurements can be minimized through a proper
solution of the measurement wavelength(s), the use of "peak-to-valley" or
frequency-switching measurement techniques, and the preparation of abscrption

standards which closely resemble the sample composition.

3.3.4.5 Measurement Precision and Accuracy

As in the case of Raman scattering measurements, the precision and accuracy
of laser absorption measurements will depend upon the availability of suitable
standardizaticn procedures and the facters which affect the detected signal
level., The principal scurce c? ncise in laser abscrptirn measurements will be
laser source instabilities. For continucus munitoring of vapcr phase species,
techniques have been developed to actively stabilize the Ffrequency of cw lasers
and lock them to atomic and mclecular transitions [3.125-3.128:. In addition
the amplitude instabilities in cw lasers can be reduced to well below 1% with
active feedback technigues or an electro-optic ncise reduction system [3.1297.

Pulse-to-pulse amplitude fluctuations of at least 5% will occur in
the oubtput from pulsed lasers. This scurce of noise is generally minimized
by normalizing the detected signal to the laser intensity, cr alternatively
averaging the measurement over a large number of laser pulses.

Suspended solids are exper~ied to be present in process and waste solutions
and will attenuate the laser beam in an absorption measurement. These suspended
solids can be removed by pre-filtering the sample solution, cr else their
effect can be minimized through the use of differential absorption measurement

techniques (e.g. "peak-to-valley” or frequency-switching techniques).
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The measurement precision for the laser absorption methods is expected
to be in the range of 1-10% RSD for measurements at concentrations larger than
ten times the limit of detection. This level of precision is probably more
than adequate for off-gas monitoring and should prove useful for ou-line
mcnitoring for process control and liquid waste monitoring. These absorption
methods should also be considered for continuous on-line SMM accountability
measurements. with high accuracy measurements made off-line using con-
ventional analytical metheds. In the measurement of SNM in solution
by absorption spectroscopy, consideration should be given to the large number
of molecular forms in v. ich plutonium and uranium can exist including the

possibility of colloidal plutonium polymer formation at low acid concentrations

(< 0.9% 1—mo3) {3.1307.

3.3.4.6 Standardization Procedures

The standardization procedures for laser absorption spectroscopy are
expected to resemble those used in conventional abscrption spectrophotometry.
In the case of external absorption spectroscopy, dual beam measurement techniques
can be used to minimize the effects of source instabilities and improve the
measurement precision. The absorption standard can be in the form of a known
species composition and concentration contained in a sealed cell. In the case
of long path absorption measurements for trace gases, a short pathlength
(~ 1-10 cm) cell conteining a high species concentration (~ 1000 ppm) can be
used [3.77]. At this relatively high species concentration, conventional
methods for gas analysis can be used to characterize the composition of the
standard cell. These short pathlength gas standard cells could also be used
for intracevity absorption measurements although it will no longer be possible

to use dual beam measurement techniques within the laser cavity.



For cptoacoustic spectroscopy, it is possitle te ec-nsiruct a dual beam
instrument with twe chambers {sample and reference standard: separated by a
common vressure transducer [3.88]. This technicue should work for both gas
and solution measurements; although it may be Jifficul! to obtain wall
characterized standard gases at the concentration levels {ppb) reguired for

trace gas analysis by optoaccustic spectroscopy.

3.3.4.7 Measurement Time and On-Line Capability

The time requirgd for laser absorption measurements will depend upcn the
particular measurement circumstances and the desired measurement precisiocn.
With electronic wavelength scanning techniques it has been pcssible %o scan
a cw dye laser over a range of 12.5 nm every 10 us [3.87), and diode lasers
are commercially available which can scan a range of 1 cm"l in 0.1 ms with a

L

laser linewidath of < 10~ em™t {3.1317. Single pulse abscrption measurements

may alsc be made with a time resolution defined by the duraticn of the laser
pulse [~110-8-10-65]. However, for greatest measurement precision it is generally
necessary to average the measurement over a longer time scale (typically
several seconds).

The sbsorption methods are capable of making rapid on-line or off-line

measurements for both gaseous and solution species. 1In the case of trace gas

measurements in the infrared, the measurement should be made at a reduced
pressure {~ 10 torr) to minimize any potential interference from cther
atmospheric constituents. The sample pressure can be reduced by expanding
the sampled gas volume. Alternatively, for continuocus monitoring a differ-
ential pressure system may be used to generate a ccnstant gas flow through

the sample chamber gt a reduced pressure.
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The use of an acoustically resonant sample chamber for uptoacoustic spec-

tresecopy will permit flowing ges measurements tc be made if the gas inlet ant

cutlet v rts are located at the ncdes of she acoustic standing wave

3,83 5
3.88, 3.

Feconant cptcaccustic sample cells can also be cperated withcut any windows

sing continueus air sampling [3.967. Ccntinucus cn-line measurements

itn intracavity abscrpticn spectroscopy T2.10%. 3.1127.

ability for Automated Operaticn

cuncentrations in the stratosphere have been

ma e usiag crmpletely autcmated external absorption and cptoaccustic spectro-

meters mounted con a ballcoen platform 23. 9, 3‘1321. The laser snurce for
these neasurenents was a spin-flip Raman laser; and the data gathering system
consisted of leck-in amplifiers and a minicomnuter. The minicompuber also
crntrollied the details cf cthe experiment, aversged the data cver a presel
nurber of scans cof the laser wavelength, and pericdically traunsmitted the
data tc the base station cn the ground.

Micreprocecsor- and caleuwlator-contrclled tunsble laser scurces offer
the pessibility of completely automated wavelengih scanning for abscrption
measurements. Digital data collection and analysis can be used for ghsurvhion

measurements in such the same way as it has been used for Raman scattering

measurements (see Sec. 3.2.4.3).

3.3.4.9 Summary of the Principal Advantages and DJisadvantages cf the
Absorptin Methods

"ne principal advantages and disadvantages of the absorption methods

for quantitative analysis are swimarized in Tables 3.13-3.15.
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Table 3.13. Summary of external abscrption spectroscepy.

Advantages:

1.

n

LAl

The external absorption signal is imposed c¢n a ccherent laser beam ¢

which permits measurements cver & long sample path length for gasecus
species or alternatively permits a large spatial separation between
the laser source, sample cell, and detector, The signal ccllection
efficienecy of this coherent beam is essentially unity.

Dual beam and "peak-to-velley"” measurement technigues can be used
for standardization and alse tc ccmpensate for variaticns in
experimental parameters.

The absorption methods permit ¢n line non-destructive assay (NI )
or off-line measurements using small sample sizes.

The absorption methods are mcleculie specific and are alsc isctope
specific for vibraticnal transitions in molecules involving light
atoms.

The sample absorbance in an external absorption measurement scales
liuearly with analyte conceitration, absorrticn crrss-sectisn, ard
rath length sc that interpreta“icn ¢f the data is raight forward.

The external absorption method has a high sensitivity for long path
measurements of gaseous speries at a reduced pressure (~ 1-100 ppb
at ~ 10 torr pressure).

Disadvantages:

1.

The strong infrared absorption in liquid solutions reguires the use
of : high pcwer laser or a very short path length sample cell. The
minimy Jetectable concentrations in solution are in the range

~ 10-k-10-3u.

The absorption bands in solution are broad; and overlapping bands
can interfere with a measurement. Other possible sources of inter-
ference in solutions can arise rom the dependence of the sample
absorption on temperature, solvent effects, the shifting of chemical
equilibria, scattering of the laser beam, and instrumental factors.

The absorption methods measure the average speciles conceuiration over
the laser path length and thus are generally not useful for applications
requiring spatial resolution.
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Table 3.1k, Summary of optoaccustic spectrascopy.

Advantages:

1.

In the small signal approximation, the detected signal scales linearly
with analyte concentration, path length, and laser power. Enhancement
of the optoacoustic signal is possible using resonant acoustic and
optical techniques.

2. Optoacoustic spectroscopy has a high sensitivity for the measurement
of gaseous species (~ 1-100 ppb with a cw laser and an accustically
resonant sample chamber.)

3. Dual beam measurements are possible for sta~dardization and also te
compensate for variations in experimental parameters. Frequency-
switching technigues sllow measurements in liguid solutions with a
minimum detectable concentration of < 1072M.

b4. In optoacoustic spectroscopy a non-optical signal is generated thereby
eliminating the need for a cooled detector in the infrared.

Disadvantages:

1. TPor greatest sensitivity in optoacoustic spectroscopy a relativel
high power tuneble cw laser ( 1 oW) is required.

2. A synchronous background signal is generated by ebsorption of the

laser light by the cell windows, walls, and by gaseous impurities
present in the sample cell. A background level is also generated by
acoustic noise. The relatively large synchronous background level
must be subtracted from the measured signal to obtain the signal
generated by the analyte species.




Table 3.15. Gummary cf intracavity abscrpticn srechrosc py.

Adventages:
1. The intracavity absorpticn method provides an enhancement in sensi-

tivity of ~ 102-107 over external absorption spectroscopy depending
upon the particular laser type used. The method has a very hi§h
sensitivity for the measurement of vapor phase species (~ 5x10° atoms-
em™3 for Naj ~ 5xl mol-cm™2 for 12).

The detected signal scales linearly with analyte concentration
and path length over a range of several orders of

magnitude.

The external fluorescence detection technigue provides a quantitative
measurement of the change in the laser spectrum with analyte concentration.
This external fluorescence detection technique allows the measurement

of all absorption lines lying within the laser bandwidth and permits

the independent and simultanecus measurement of a number of intracavity
absorbing species including iodine isotopes.

Disadvantages:

1.

The intracavity absorption method relies in part on the mode competition
in a homogeneously broadened laser, and the largest enhancement in sensi-
tivity has been achieved with cw dye lasers which operate in the visible.
The enhancement in sensitivity is much lower with inhomogeneous lasers
(e.g. CO) operating in the infrared thus limiting the usefulness of

the technique for most molecular species.

Intracavity absorption spectroscopy 1s not generally applicable to
measurements in ligquid solutions with the exception of rare earth
compcunds which exhibit sharp absorption spectra.
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3.4 Fiucrescence Speciroscopy

Flu-rescence speclroscopy can te used te measure Lhrse atomic uanl wilecular
recies in which the absorpticn f light is acce mpenied by 2 ra-iiative relaxaticn
£ -he excited state. In contrast, the basis for the ~r=<.a2 ustic ‘abs rrticn?

d iz the nenradiative conversicn i the excitation energy in% heat. Thus

voae fwo metheds are eownlimentary and. in vrineiple at least., oan be arplied

¢ or molecular transit

~gether t. measure sauy Lype of ato

The use ~{ lasers uas the excitaticn sources for flucrescence spectriscipy

sengitiviny for hoth vapor
measurements. Laser-excited ztomic flunrescence spectroscopy has been used
to detect sodium in lhe vapcr phase at concentrations as low as 100 atorrls-cm_3
73.1347: and thallium, when atomized Trem soluticn, has been detechted at
concentrations as low as 0.5 ppt (parts-per-triilicn) correspcnding te ~.7le7
atcms in fthe 50 £ sample volume f3.1352. laser-excited molecular flucrescence
spectroscory has been nearly as sensitive. with reported detection limits of
5 x 10u mol-cm™ for BaQ in the vapor phase [3.1367 and 0.39 vpt (~ 8 x 10~13M)
for the organic dye Rhodamine 6G in solution [3.137]

The requirements for s radiative relaxaticn channel and a sensitive photo-
detector tc measure the emitted light have generally limited the analytical
use of flucrescence spectroscopy to electronic transitions in the ultraviolet
and visible regions of the spectrum. However, when applicable the sensitivity
of the fluorescence methods is several crders of magnitude greater than that of
the absorption methods. In addition, the fluorescence metheds have a very high
spatial resoluticn (up to le3 [3.133]), whereas the absorption methods measure

the average species concentration over the laser path.
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is extreme sensitivity is made pcssible by
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X 107 vhctens per seecnd by a single atom when
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Reviews
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3.4.1.1 Explanation of Method

Atomic fluorescence is a complex phenomenon tc interpret since it involves
beth the absorption and emission of radiation. In addition, during its lifetime
(typically lohgs) an excited atom will undergo a number of collisions with
fcreign gas molecules which can lead to the guenching of its flucrescence by
nenradiative collisional energy transfer tc the feoreign gas molecules.

In atomic fluorescence spectroscopy, radiation from a spectral source is
absorbed according to Beer's law (Eqn. 3.1L) resulting in the excitation of
atoms to higher energy states. A fraction of these atoms subsequently decay
by the emission of radiation which is detected. If a lire source is used for
excitation, the intensity of the fluorescence, IF’ emitted by a weakly absorbing
alomic vapor is proportional to the species concentration and the intensity of

the exciting radiation 3.1457:
I = KIONUL (3.16)

where K is a proportionality constant taking into account the geometrical
factors, wavelength, transition probability, Doppler width of the

abserbing line, and fluorescence guantum efficiency,
I_is the integrated intensity of the narrow line excitation source,

N is the concentration of the absorbing atomic species,

s 1s the absorption cross-section,

and L is the absorption path length viewed by the fluorescence collection
opties.

There are basically five different types of atomic fluorescence transitions:

resonance fluorescence, in which the same lower and upper levels are involved

in the excitation-deexcitation process; direct-line fluorescence, in which a

single upper level and two or more lower levels are involved in the excitation-

deexcitation process; stepwise-line fluorescence, in which a
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single lower level and two or more upper levels are involved; sensitized
fluorescence, in which one species is excited and transfers scme or all of its
excitation energy to an atom of the same or another species, either of which

emits fluorescence upon relaxing to a lower level; and multi-photon fluorescence,

in which two or more photons excite an atom which then is deexcited by the
emission of fluorescence [3.1467]. The first three types of flucrescence

transitions defined above are commonly used in AFS and are illustrated in
Figure 3.13. Multi-photon fluorescence is a nonlinear process and will be

covered in Section 3.5.

3.4.1.2 Experimental Techniques for Atomic Fluorescence Spectroscopy

A schematic diagram illustrating the experimental apparatus used for
laser-excited atomic fluorescence spectroscopy is shown in Figure 3.14, The
frequency-doubled output from a nitrogen (N2) pumped tunable dye laser is used
as the excitation source for the analyte species whicn is atomized from sclution
by means of a non-flame atomizer. The analyte vapor is excited by the incident
laser light and its fluorescence emissicn is detected normal to the laser beam.
A narrowband interferehce filter is used to spectrally filter the fluorescence
ﬁhile a variable slit acts as a spatial filter to minimize the amount of
continuum radiation from the high temperature atomizer which reaches the PMT.

A boxear integrator is used to process the detected signal, and the time
history of the fluorescence from the atomized sample is recorded on a chart
recorder. A heated monitor cell containing the analyte element is used to

tune the laser to the excitation wavelength and to adjust the boxcar integrator
sampling gate width and position. In addition the signal from this monitor

cell can be used to measure the amplitude and frequency stability of the laser.



RESONANT

FLUORES CENCE
0
2
i
I
DIRECT-LINE
FLUORESCENCE
0
. 2
’r
STEPWISE-LINE !
FLUORESCENCE
0

Figure 3.13. Types of atomic fluorescence transitions.
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Although other types of pulsed and cw dye lasers have been used for AFS, N2
laser pumped dye lasers have offered the greatest utility for AFS due to their wide
wavelength range. high peak power, moderate repetition rate, and shcrt pulse
time duration. These dye lasers are tunable over the entire wavelength range
360-950 nm and can be Pfrequency doubled to extend their operstion to wavelengths
below 220 nm [3.147-3.1507, This frequency doutling ~epability permits the
excitation of the most sensitive lines, which for most elements lie in the

85) ocutput from these lasers

ultraviclet. The short time duration (< 10~
permits the fluorescence signal to be processed using time-gating techniques
which effectively discriminate against the many sources of background noise in
AFS (e.g. IMT dark current, emission from the high temperature atomizer, and
emission by the analyte species) [3.151}.

The use of a non-flame atomizer has a number of advantages over the con-
ventional flame atomizerc for use in atomic fluorescence spectroscopy [3.135,
3.1%3?. The non-flame atomizer produces a denser gatomic vapor with increased
sample residence time, and is free from the chemiluminescence and thermal
emission found in the flame gases. Its atomization efficiency can approach
100%. It can be operated in an inert gas environment to minimize fluorescence
quenching and metal-oxide formation, and it has a lower level of ionization
for the alkali metals. Finally, small sample sizes (including solid samples)
can be used. As a result of these factors, much lower limits of detection

have been cbtained for most metals with non-flame atomizers. An electrically

heated non-flame atomizer designed for laser-excited AFS is shown in

Figure 3.15.
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The detection of non-resonant fluorescence {i.e. direci-line or stepwise-
line “lucrescence} in atomic fluorescence spectrcsecpy is desirable since it
eliminates the strong Rayleigh and Mie scattering c¢f the laser light which

therwvise generally limits the detection to relatively high concentratiocns.
This detecticn of non-resonant fluorescence alsc eliminates self-absorption
in the sample and increases the analytically useful concentration range over
&

ch measurements can be made (> 10°) F3.1357.

faturaticn f the fluorescence emissicn can be achieved with “he high
spectral irradiance from tunsble dye lasers. This provides a flucrescence
signal many corders of magnitude larger than could be achieved using conventional
light sources. Under saturation conditions, Beer's law is nc longer valid and
the flucrescence emissicn shows relatively little dependence upon fluctuaticns
in the laser intensity cor variaticns in the collisicnel quenching [3.1417.
However, if the analyte concentration is shall, the fluorescence intensity
still retains its linear concentration dependence. The advantages of satu-

rating the fluorescence are generally offset by the increase in scattered

s detected; and this generally resultls

o

light when resonancc flucrescence

in higher detection limits when scattered light is the primary source of

ncise [3.1527. Thus the advantages of saturation conditions are best utilized

when non-rescnant fluorescence is detected.

3.4.1.3 Use of Atomic Fluorescenceé Spectroscopy for Quantitative Analysis

Atomic fluorescence spectroscopy has been used to measure a number of

species present in the vapor phase; but its greatest ntility as an analytical

tool has been in the analysis of trace metals in sclution. The reported measure-

ments of vaper phase species by AFS are summarized in Table 3.16. To date,
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Todle 3.15. Measurements of - thase specles by laser-excited atralc flucr~scence spectrasccopy.

Analyte Total ‘a8 Nye Lager Parameters Detection Minigum Detectable

Species P -ugﬁ@ — yoe Wdth(m Wavelength{nm) waveleagth(nm) Concentra*ion ‘u.am-m‘z) Reference
Y o 3 10 3a0™ (250 e 589.0 589.0 10? 3%
N WA AT o 000  oxio™3 (8 aie) 589.6 589.0 I 3.138
. e “lastleco-pusped - 0.05 589.0 569.0 1.8 %108 3.193
v E aw 53103 251073 561,54 591,54 3110 3154

a. Vapor cell evac.ated prior ¢t~ filling with the analy=e epecles.

b. Calculated



relatively few quantitative measurements of vgpor phase atomic species have been
report :d in the literature. However, the minimum detectable concentration for the
reported measurewments has been extremely small, especially when a cw dye laser
has be~n nsed as the excitation source. 1In the case of scdium, less than one
atom on the average has been detected within the probe volume of a focused

laser eam 73,134, 3.1387.

A large number of elements in solution have been measured by AFS when
atomiz. 1 from scluticn using a flame cr non-flame atcmizer. These measurements
are summarized in Table 3.17 with the best reported sensitivity for each analyte
specie listed for each type of dye laser excitation source. The large majority
of the reported laser-excited AFS measurements have been made using N2 vumped
dye la: -r sources and flame atomizers. Whenever non-flame atomizers have been
used, h wever, much lower limits of detection have been reported.

Al-hough attempts have been made to apply atomic fluorescence spectroscopy
from ar absolute standpoint, it is very difficult to accurately estimate the
many perameters whiclt must be accurately known for this approach to succeed
73.164~ For this reason, the analytical use of AFS has been based on a much
simpler empirical approach involving the generation of anslytical calibration
curves fluorescence signals analyte concentration) with standard samples.

From these calibration curves the concentrations of unknown samples can be inter-
polated An analytical calibration curve for laser-excited AFS measurements of
thalliuw with a frequency doubled Né pumped dye laser is shown in Figure 3.16..
Tn gene al, th~ analytical curves renerated with laser sources are lirrar over a
range of 3-6 orders of magnitude, becoming nonlinear at high concentrations due
to the strong absorption of the laser light end/or the resonance fluorescence

of the analyte speeies [3.135].
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Table 3.17. ILs-er-excited AFS measurezents of elements atomized from sclution.

Minimum Delectable

Analyte Atomization lLaser Excitation Detecticn Concentraticn

Species Cell Type Wavelength(nm) Wavelength{nm (rg-mf™") Reference
ag M o 328.1 328.1 u 1.155
Ag F e 3% .4 396.1 0.6 3.155
Ba F o 553.5 553.5 2 3.156
Ba F L 553.7 553.7 8 3.155
Bi F RD 306.8 306.8 k| 3.155
Ca F N uw22.7 b22.7 . 3.155
cd F 1) 228.8 228.8 3.155
Ce(ion) F XN 37L.64 393.92 3.157
Co F N 347.4 357.5 3.158
cr Fa L 359.3 359-3 3.155
Cs K L] 455.5 852.1 3.159
Cu F D 324.7 3247 155
Dy{ion) F N 364 .54 353.60 3.157
Er F ) hoo.80 400.80 3.157
Eu F N 459.40 L62.72 3.157
Fe F KD 296.7 373.5 3.155
Ga F .4 4%03.3 L37.2 3.155
Ga(1on) 5 N 376,84 336.22 3.157
Rf F .4 368.24 377.76 3.260
Ho F N 405.39 410.38 3.157
In F 5 510.4 451.1 3.155
L1 F 5 670.8 ° §70.8 3.155
Lu F N 565.80 513.51 3.157
Mg F ND 285,2 285.2 3.155
Mg F Fo® 285.2 285.2 3.161
Mn F ND 279.5 279.5 3.155
¥ F N 390.3 390.3 3.155
Na F o'y 589.5 589. 3.162
Ra F FLf 589.0 589.0 3,163
Na ¥ N 589.0 589.0 3.155
b P N 405.89 407.97 3.160
% F o 562.0 562.0 3.162
M F B u63.b2 L489.69 3.157
.18 F FD 305.1 305.1 3.161
.53 F N 361.C 350.4 3.155
Os F N bhz.05 426.08 3.160
P NP FD 283.3 405.8 3.152
Po F ND 283.3 405.8 3.155
Pr(ion) F N 427.23 430,58 3.157
Rh F N 369.2% 350.2, Loz.ok 3.160
Ru H 5 372.8 3.160
Se F N 391.18 2.160
sm{ion) T N 366.1 3.157
3T B W 4507 3.15¢
To(ica) F N 270.28 3.157
Ti F N 399.9 .9 3.155
T2 3 KD 276.8 » 352.9 3.13¢
Tm F N 37L.79 2 3.157
U F o 591.5 3.162
v ¥ o™~ £09.0 3.162
v F N 370.b 3.155
v F ¥ 398.80 3.157

Flame atopizer.

Frequency-doubled N2 pumped dye laser.
pumped dye laser’

Non-flame atomizer.

Frequency-doubled flashlamp pumped dye laser.

. Flashlamp pumped dye laser.

o A0 oW
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Figure 3.16. Analytical calibration curve for laser-excited AFS measurements
of thallium [3.235].



3.4.2 Molecular Flucrescence Spectrosccpy

The sensitivity of laser-excited mclecular fluorescence spectroscopy (MFS)
for gaseous species is lcwer than that cf atomic fluorescence spectroscopy.
This can be attributed to a number of factcrs: the presence of vibrational
structure in the ground electronic state reduces the fraction f molecuales
in resonance with the narrowband exciting laser radiation; the lifetime of
molecular states is much longer than that of excited electronie states,
resulting in a lower transiticn rate for excited nolecules and increased
flucrescence quencuing; and the molecalar fluorescence consists of a
progression of vibrational-rotaticnal lines spread over a large portion of
the spectrum, decreasing the signal tc ncise ratic in the detecticn system.
The areas of applicability cf MFS are also more limited thau those of ATS
sinze the large majority of molecular spzcies are de-excited oy nonradiative
processes and therefore do not fluoresce. However, fir those species for
whica it can be used, laser-excited MFS has besea a very seasitive mc+hod
with reported detection limits on the order of parts-per-billioca or lower
for many gaseous and solution species. The progress in the development and

& plications of laser-excited MFS has beea reviewed often in recent years

73.1, 3.k-3.6, 3.8, 3.133, 3.139, 3.1k2, 3.165-3.1687.

3.4.2.1 Explanation of Method

The signal expression for molecular fluorescence spectroscopy is identical
to that of atomic fluorescence spectrosccpy (Eqn. 3.16). Molecular fluorescence
is Stokes shifted from the wavelength of the exciting laser light. In solution,
the fluorescence is in the form of one or more broad bands, whereas in gases

a progression of vibration-rotation lines is observed (P, Q, and R branches).
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3.4.2.2 Experimental Technigues for Molecular Fluorescence Spectroscopy

The experimental apparatus for laser-excited MFS is similar to that shown
for AFS in Figure 3.1k, Due to the broad absorption bands of molecules, a
greater degree of freedom exists in the choice of the laser excitation source
for MFS. A number of molecular fluorescence measurements have been reported
with fixed freguency gas lasers (argon, He-Ne, He-Cd, and Ng) as well as tunable
dye lasers. In general, however, an crder of magnitude improvement in
sensitivity has been cbtained with tunable dye laser sources as opposed to
fixed frequency lesers [3.1697.

In a molecular flucrescence experiment, the Stokes-shifted sidelight is
filtered to reject the resonantly scattered laser light and also the Raman
scattered light from the solvent or the major constituents in gas samples
(e.g. N,, 9,, H0 for atmospheric measurements). This can be done with a
spectrometer or an interference filter, although often a long-pass color glass
filter is used. The fluorescence light is detected with a PMT and processed
with a boxcar integrator or a lock-in amplifier depending on whether a pulsed
or a modulated cw laser is used as the excitation source.

The specificity of molecular fluorescence for species in solution is
generally poor due to their broad emission bandwidth. However, it can be
greatly improved through the use of certain separation techniques. High-
pressure ligaid chromatography has been used to separate a number of aflatoxins
prior to their measurement by MFS [3.170]. This has permitted the dztection »f
these aflatoxins in quantities as low as 0.75 pg in a 4 ug suspended droplet of
solvent eluting from the separation cclumn. Ansther technigue used to increase

the specificity of MFS involves cooling aromatic solutions to ligquid nitrogen



temperatures to cbtain sharp emission spectra (< 0.1 nm half-width) 73.1717.

Using this Shpel'skii effest, it has been possible to simultaneously meas:ire

fifteen different pol.miclear aromatic hydrocarbons (FAY) in 2 single sample
R Bl -2 -1

at conzeatraticens of 10 - 10 7 g-mf ~ with a conventicnal spectral sosurce

"3.1727. The use of laser excitaticn mas improved vy several orders of

ragnitude the sensitivity for detecting FAH compeands 72.1637.

3.4.2.3 Use of Molecular Fluorescence Spectroscopy for Quantitative Analysis

The use of MFS for the juantitative analysis of gases has been primarily
concerned #ith those species of interest in air analysis. Tne localized MFS
measurements are summarized in Table 3.18. 1In Table 3,13, .he measaremeat

of NC was accomplished oy first oxidiz.ng it to NOE [3.1737 The lowar

seasitivity for formaldatyde at atmospheric pressure is due tc fluoresceaze

gqaenching which rediaces the fluorescencze quantun efficiency to ~10_1
[3.1747. Similarly, in the case of 12, the fluorescence signal at atmospheric
pressure (air) was measured to be ~ 130 times smaller than that for measure-
ments under evacuated conditions [3.1757.

The use of molecular fluorescence spectroscopy for the analysis of
elements in solution is almost entirely limited tc molecular complexes and
metal chelate systems [3.180]. With only a few exceptions (e.g. rare earth
compounds and uranium salts) metallic elements require complexation with an
organic molecule to become fluorescent. TFurthermore the fluorescence of
organic molecules in solution generally occurs only in those molecules having

cyclic conjugated bond systems (e.g. benzene, naphthalene, anthracene).



‘Table 3.18. Measurements of gusesus specles by lnser-excited molecwlar flucrescence Apectroscopy.

Analyte Totsl Gas Excitation Detection Minimua Detectable

Spectes Pressure (tcrr) Laser Type Wavelength(nn)  Wavelength(nm Concentraticn Reference

840 wo™3 N, puaped dye - - 5210 pol-co™3 3.1%

cH -~ 760 frequancy-doubled dye 282,58 309 5x106 wot-en”3 3.176

i 1 frequency-doubled N, - 290-400 - 167 mol-ca™l 3477

pumped dye 8 ~3

I, - o argon 1.5 -~ 5¥107 mol-en 3.133

1, . 760 v He-Ne 632.8 > 660 210" mol-ca3 ® 3.175

~ 760 o argon L86.0 -- < 10 ppb 3173

%, - 760 o “e-Ca wh.h > 550 0.6 ppb (~ 2310'° mor-ca”?y 2479

~ 760 w argon w890 - 3 ppb (~ 8x10'° wol-ca) 3173

~1 (a1 o dye 513.3 - « 25100 tore (s 7x10'? mol-ca 3)® 2179

750 noy-doubled flashlamp - 526 ~ 400 50 ppb (~ 13102 mol-cu”3) ERE

“ruatdehyde) et dye

a. Tstizated.



The repcrted measurements of sclution species by laser-excited molecular
fluorescence spectroscopy are iisted in Table 3.19. The majority of these
measurements have been made using pulsed laser excitation in the ultraviolet.
Many cf these solution species have been measured at ccncentrations below 10 ppt;
and the mest sensitive cf these measurements have detection limits ccrresponding
to about lO7 analyte molecules within the probe volume cf the excitation laser
[3.169, 3.170).

Analytical calibration curves are used for moleculur fluorescence measure-
ments of solution species in a manner similar to tha* reported for atomic
fluorescence measurements (see Section 3.4.1.3). These analytical curves have
a linear range of 3-7 crders of magnitude change in analyte concentration, and
become nonlinear at high analyte concentrations due to self-quenching and
resbsorptiocn of the fluorescence emission [3.184]. The concentraticn of an
unknown sample is determined by interpclation freom these analytical curves or

by using other standsrdization techniques (e.g. internal standards and constant

addition technigues).

3.4.3 Evaluation of Fluorescence Spectroscopy for Use in Huclear
Fuel Processing FPlants

3.4.3.1 Previous Use in the Nuclear Fuel Cycle

Laser-excited fluorescence spectroscopy has only recently been applied for
the quantitative analysis of species of interest in the nuclear fuel cycle.
Atomic fluorescence measurements of uranium atomized from solution have been
made using a cw dye laser, but have shown a relatively poor limit of detection

(500 Ugomz_l) {3.1627. similar resonance fluorescence measurements of uranium
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Table 3.19. Measurements of sclutlon specles by lager-excited m-.lecular fluoreacence spectroscopy.

Analyte
Species Solvent
Benzens Heo
HNaphthalene HEO
Anthracene H0
Cyclonexane
Fluoranthene HZO
Cyclohexane
F Cycl
Pyrene Hao
Cyclohexane
Chrysene Cyclohexane
Acridipe Ethanol
Ethanol
Acridine Yellow —
Acridioe Red o
Quinine m stoh
MR SOb
Quinine Sulfate 0.1 N Hesoh
Rubrene -
Tryptophane —
Flucrescein H20
"20
Rhodamine 6G Hy0
Rhodamine B
Riboflavin
Aflatoxin B1 Ethanol
Aflatoxin 52 -—
Aflatoxis Gy -

Aflatoxin G,

Laser Type
fraquency-doubled N2 dye
frequency-doubled N2 dye
frequency-doubled N2 dye

N,
frequency-diubled N2 dye
%2
HE
frequency-doubled Nz dye
“2
ty
Yy
"2 dye
puleed argon
pulsed argon
¥,
“2 dye
H2 dye
pulsed argon

frequency doubled argon
l!2 dye

pulsed argon
HZ dye

cw He-Cd
cv He-Cd
cw He-Cd
ov He-Cd

Excltation
Wavelength(nm

253.95
273.0
254.0
337
an7.0
337
337
273.0
337
317
337
365
515
515
337
365
365
515
257
k70
337
3371
3371
515
375
3372
325
325
325
325

Detection
Wave ngth(nm
273, 30
340, 360
Lol
397
450
u60
Loo
395
3%0
388
s
415

355-700

355-700
540

345-650

19 (2.5x17"
1.3x1 1'3(“;‘ al

< 6.bx10"3 e ronao™t gy
0.01

1x1073(sx107Y )

0.0

0.05

sx107? (25010712

0.02

0.03

0.05

0.1

[3 (1.9;10‘8 M)
0.8 (2.3x10°% 10
0.0}

0.03

0.011

0.5 (1x10”%)
2.4x10° (546107 111
2x1073 (sx1071?
0.03

6.2020™" (1.3x:07°7 ¥)
3.9x20™ (8.2x10713 n)
0.1 {1.6x107%
L.7x10™ (1.25010712 W)
2.5x107F (7.8x10722 w)
0.75 pg

Q.75 pg

0.75 pg

0.75 vg

-12

wy

Reference

3.169
3.169
3.169
319
3.169
3431
3.181
3.169
2181
318
3.181
3.181
3.182
3.182
219
1.18L
3.183
3.162
3152
3.164
3.18
3.137
3.137
3.182
3.185
3%
3.170
3.170
3.170
3.170




in the vapor phase have been extremely sensitive, with a detection limit cf

3

3 x 10 atoms-cm-3 corresponding to about 10 atoms within the prcbe volume of

the laser [3.15&]. Thus the low sensitivity of the solution measurement is
1likely due to one or more of the following factors related to the flame atomizer:
a low atomization efficiency, fluorescence quenching and/or a high scattered
light level due to the flame gases, or a significant thermal depcpulaticn cf the

uranium ground state in the nitrous oxide-acetylene flame (at 2500°K, 40% of
1

the uranium atoms will be in the 620 cm ~ level which is inaccessible to *he

laser tuped to excite the 591.5 nm transition [3.1861).
Laser-excited molecular fluorescence spectrosccpy is alsc being Zevelored

as a technique for monitoring airborne iodine-129 in the nuclear fuel cycle.

i ok . -10 -
To date, measurements of icdine coneentrations as low as 4 x 10 L g-cm 3

11

(9.3 x 10 mol-cm_3) have been made with evacuated vapor cells; and it is

expected that airborne iodine concentrations of 10_lO g-cm-3 (2.3 x 1041 mcl-cm’3)

or lower could be detected [3.175].

3.4.3.2 Possible Measurement Species

Laser-excited molecular fluorescence spectroscopy should be considered
as a method for monitoring NO2 and 12912 present in the off-gases in a nuclear-
fuel processing plant. Laser-excited MFS has been used to measure N02 in air
at concentrations far below those which are expected to be present in the off-
gases from a fuel processing plant. The measurement of airborne 129IQ by MFS
is presently being investigated; and at the anticipated level of sensitivity,
this method should permit the measurement of l29I,> in the dissolver and high

level liquid waste (HLIW) solidification off-gas control systems at all

points prior to the iodine adsorbers.
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Laser-excited atomic fluorescence spectroscopy has proven to be a very
sensitive methed for the measurement of species atomized from liquid solutions.
AF'S is capable of measuring most of .ae elements which are present as fission
products in the HLLW stream. Of the actinide elements present in the HLIW
stream, so far only uranium has been measured by AFS. The emission spectra of
the actinides have been measured, and with the exception of americium are quite
complex, containing large numbers of lines of low and relstively uniform
intensity [3.187]. The average line intensities for thorium and protsctinium
are higher than that of uranium, while those of neptunium and plutonium are
lower. The average line intensities of the actinides have been compared with
those cof the rare earths and show a similar pattern., Thus it should be possible
to measure the actinides with a sensitivity comparable to that obtained for
measurements of the rare earths (< 1 ug—mz'l). In the case of americium a
much lower detection limit is expected.

The fluorimetric determination of uranium in a sodium fluoride flux by
ultraviclet excitation {365 nm mercury lin-' is an extremely sensitive method
but requires considersble sample preparation 73.122, 3.123]. However, with the
much higher irradiance from laser sources, it may be possible to make direct
on-line fluorimetric measurements in process solutions. A number of lasers
emit in the ultraviolet and could be used as excitation sources. These include
cw helium-cadnium (325 and 442 nm), cw argon (334, 351, and 364 nm), and
pulsed Né lasers (337 nm). The possibility of observing fluorescence from
plutonium in solution has been investigated over the entire wavelength range
300-800 nm but with no fluorescence observed from plutonium in any of its

oxidation states [3.1587.
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3.4.3.3 Isotope and Molecule Specificity

In laser-excited atomic fluorescence spectroscopy, the spectral resolution
is generally dependent on the bandwidth of the laser rather than that of the
detectien system [3.155]. Therefore when using a narrowband laser as the
excitation source, AFS will be element specific or can always be made element
specific through the proper choice of the excitation wavelength. Any spectral
interferences from flame emission of other elements in the sample will be
negligible when a gated detection system is used. Thus the only source of
spectral interference in laser-excited AFS with gated detection is expected
to come from molecular species formed in the atomizer (e.g. flame gases) and
excited by the laser. This source of interference can be minimized through the
use of a non-flame atomizer.

In atomic fluorescence spectroscopy, the lines from individual isotopes
will generally not be resolvable due to the presence of Doppler and collisional
broadening. To date no isotope specific measurements have been made with
AFS; although in principle the method could be made isotope specific by utilizing
a narrowband dye laser in conjunction with a nonlinear spectroscopic method
such as intermodulated fluorescence spectroscopy [3.159].

The ability of laser-excited molecular fluorescence spectroscopy to
discriminate between the stable isotope 12712 and the radioisotope 12910 hes
been demonstrated [3.175]. However, to date no measurements have been r
with the heteronuclear molecule 1271129I which is expected to be present in
significant quantities in the off-gases from a fuel processing plant. In gas
phase measurements the fluorescence bands from different molecules may overliap,
but by carefully selecting the excitation and detection wavelengths it is

expected that this source of interference can be eliminated.
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Molecular fluorescence spectroscopy will not be isotope specific for
solutior measurements; and the molecule specificity of this method will depend
upon the composition of the sample solution and the measurement circumstences.
If a number of species are present in s<lution with overlapping fluorescence
bands, MFS will in most cases not be molecule specific. However, in the case
of aromatic hydrocarbons in solution it has been possible to cool the samplg
to liquid nitrogen temperatures to cbtain sharp emission spectra and thus
independently measure a number of species in the sample [3.1717. In other
instances, the analyte species may be the only source of fluorescence in the

sample solution.

3.4.3.4 Sensitivity to Matrix Variations

Discussions of the matrix effects in fluorescence spectroscopy have appeared
in the various textbocks and reviews of the fluorescence metheds [3.14L, 3.189-
3.19&]. With the exception of fluorescence quenching the matrix effects for
fluorescence measurements will be very similar to those encountered in absorption
spectroscopy.

In the case of atomic fluorescence spectroscopy the presence of matrix
effects reduces the nunber of free atoms which can fluoresce and also reduces
the fluorescence intensity from the excited analyte atoms. The physical and
chemical interferences which arise from interactions with the matrix components
include incomplete dissociation and atomization of the analyte compound, partial
icnization of the analyte atoms, and the formation of compounds (e.g. metal
oxides) with other species present in the sample or the atomization system.

A partial ionization of the analyte species will occur if the atomization
temperature is too high; whereas the other sources of interferences above will

occur for too low an atomizetion temperature [3.189]. Both types of interferences
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have the effect cof reducing the measured flucrescence signal. In many cases,
these sources of interferences can be minimized by increasing the atomization
temperature to provide an acceptable level of dissociatirn and atomi ation while
adding a large amount of an easily ionized element (e.g. an alkali- -etal) to
the sample solution to suppress the iocnization of the analyte species [3,1957.
The use of a non-flame atomizer will increase the atomization efficiency while
reducing the other sources of interference [3.135, 3.1h43].

Fluorescence quenching is produced by collisional deactivation of the
excited analyte atoms. In the case of flame atomizers, the guenching rate
depends upon the composition cf the flame gases and is least for a low temperature
stoichiometric hydrogen-oxygen flame diluted with an inert gas such as argon
[3.196]. However, for most elements an air-acetylene or nitrcus oxide-acetylene
flame is required to achieve an acceptable atomization efficiency and freedom
from interference even though the fluorescence quenching is more sever; with
these types of flames [3.1:4]. The fluorescence quenching effect can be
minimized by using s non-flame atomizer which operates in an inert gas environment
or by saturating the absorption of the analyte species [3.143, 3.14L7.

For measurements of airborne molecular gases by laser-excited fluorescence
spectroscopy, the fluorescence quenching rate will be relatively constant and
the major sources of interference are expected tc come from fluorescence (of the
walls and windows of the sample chamber, from aerosols, and from other fluorescent
gases in the sample) and also from Raman scattered light (from Né, 02, and H20
(3.167, 3.173, 3.176, 3.178]. The interference from cther fluorescing gases .
the sample can be eliminated by a careful selection of the excitation and

detection wavelengths, while the wavelength independent aerosol fluorescence
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can be discriminated against by measuring the total flucrescence signal with

lasers tuned on and off the analyte absorption line [3.1677. If the wavelength
scparation in the above frequency switching technique is smaller than the band-
pass of the detection system, this technique can also be used to discriminate
against Raman scattered light.

In soluticn measurements, matrix effects will be evidenced by shifts in
the peak flucrescence wavelength and changes in the fluorescence inte..’. .
Since the fluorescence bands in solution are generally very broad, the rost
serious problem in sclution measurements will be fluorescence quenching. The
fluorescence intensity of a solution species depends upon a number of factors:
temperature, viscosity, pH, and the composition of the solution [3.191-3.1947.
The fluorescence intensity usually increases as the temperature of the sample
is lowered or as the viscosity of the sample is increased. 1In both instances,
the collisional deactivation cf the excited analyte molecules is reduced thereby
increasing the fluorescence efficiency.

Very dramatic changes in the fluorescence intensity and spectrum have been
chserved for some types cf molecules in solution when the pd of the solution
is varied [3.1947]. In fact, some substances are so sensitive to pH that they
are used as fluorescence indicators in acid-base titrations cf colored
solutions.

The presence of fluorescence quenching agents in the sample solution will
generally have the grestest effect upon the fluorescence intensity of the analyte
species. These guenching agents can be classed as nonresonant (transparent)
quenchers (e.g. dissolved oxygen and potassium iodide) and resonant (absorbing)

quenchers 3.1937. The quénching effect will be greatest for the resonant
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guenching agents since they also abscrb to a certain extent both the execiting
and fluorescent light ("light filter effect”). Self-quenching can alsc cceur

at high analyte concentrations when the absorption and flucrescence bands of *.e
analyte snecies overlap. Presently there ere no techniques available for
eliminating the guenching effects in sclution, sc they must be *aken in*c

account when making sclution measurements.

3.4.3.5 Measurement Precision and Accuracy

As with all the laser-based analytical methods, the precision and accuracy
of the atomic and molecular fluorescence measurements will depend upon the
availability of suitable standardization procedures and the factors which will
affect the flucrescence signal level. The principal source c¢f noise in the
fluorescence methods will usually come from instabilities (amplituce and
frequency) in the laser. However, by saturating the abscrption cf the analyte
species in AFS this source of noise can be minimized.{3.lL1}: nd the pre-
dominant source of noise remaining will be scattering cf the lurer radiatiocr oy
particles and optical inhomogeneities in the atomizer.

The measurement precision in AFS is usually higher when flame aicmizers
are used; and measurments using a N2 laser pumred dye laser 25 the excitation
source have been made with a precision in the range of 5-8% RSD for analyte
concentrations 10X the limit of detection (LOD), and 2-3% RSD for
concentrations 1000X the LOD [3.151, 3.158]. ¥i-h =z ncn-flame ztcmizer, the
best reported precision for ccmparable measurement circumstances has been 9%
RSD at 20X the LOD, increasing to 4% RSD at 2000X the LOD [3.1357. The lower
precision obtained using a non-flame atomizer can be attributed in parti to

sampling errors associated with the small sample size used (~ 50 _ ;). 1In
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laser-excited MFS measurements of solution species with & cw helium-cadmium
laser, a measurement precision in the range of 0.7-6% RSD has been reported
{3.1977.

At the relatively high concentration levels of the elemental species
present in the HLIW stream in a fuel rrocessing plant, a measurement precision
in the rang~ of 2-5% RSD could probably be realized with AFS using a N2 laser
pumped dye laser source. The measurement precision for uranium in process
streams could probably be made as high as 1-2% RSD using an amplitude stabilized
< ted-frequency cw laser (e.g. He-Cd or argon) and the precisicn would be some-
what pocrer when using an unstabilized pulsed N2 laser. This level of precision

should be more than adequate for continuous on-line monitoring for process

control and secondary accountability.

3.4.3.6 Standardization Procedures

The standardization procedure which is used for atomic fluorescence
spectroscopy involves the generation of an analytical calibration curve with
standard samples which have been serially diluted to lower and lower con-
centrations. From this calibration curve the ccncentration of unknown samples
can be interpolated.

For fluorescence measurements of gases such as N02, the standardization
procedure generally invcolves the use of a calibrated p2rmeation tube [3.]_78].
In the case of measurements of airborne 12, it may be possible to compare the
fluorescence of the air sample with that from a sealed vapor cell containing
12 at atmospheric pressure (Ng). The iodine flucorescence intensity from this
reference cell could be varied to match that of the unknown sample by varying

the temperature of a cold finger on the cell. And from the vapor pressure

curves for ,12', #he concentration of the air sample could be determined.

3-108



In the case of solution measurements, the recommended standardization
Proceduraes involve the
and a constent addition methcd [3.1927. The use of an internal standard is
particularly applicable for messurements at a reduced sample temperature for
which the fluorescence bands are sharp [3.1721. 1In the use of the constant
addition method, a known concentration of the anslyte species in the same
chemical form as the sample is added to one sample aliquot while an identical
volume of solvent is added to a second aliquot [3.198]. The fluorescence
signals from the two adjusted samples are then measured and are used to calcu-
late the concentration of the original sample. A multiple-additicn adaptation
of this method can be used when the analytical calibration curve is ncnlinear.
The analyte addition method is the only standardization procedure which compensa

for multiplicative interferences when the sample matrix is unknown or varies

from sample to sample [3.1987.

3.4.3.7 Measurement Time and On-Line Capability

Laser-excited atomic fluorescence spectroscopy is an off-line method with
a measurement time determined by the type of laser source and atomization system
used. With a N2 pumped dye laser operating at a pulse repetition rate of

l, the time required for a single sample and blank determination will

10-100 s~
range from 2-5 minutes with a flame atomizer and 5-10 minutes for a non-flame
atomizer. The longer measurement time for the non-flame atomizer

is required to carefully dry the liquid sample, then reduce any combustable

(organic) materials in the sample to ash, and finally atomize the sample.

tes
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After the atomization stage, 1-2 minutes are allowed for the graphite or
vitreous carbon evavoration boat to cocl down tc rcom tempsrature prior

to inserting the blank. Although the measurement time is longer with non-
flame atomizers, they can be operated in a sealed environment with a small
sample size for the analysis of radioactive species.

For measurements of airborne N02 by laser-excited MFS, flowing gas measure-
ments can be made with a measurement time determined by the integration time
constant of the detection system (100 s at 0.9 ppb No, concentration) [3.167,
3.173, 3.17587. MFS measurements of free radicals such as CH and NH2 have also
been made vnder flowing conditions [3.177, 3.179]. And although flowing gas
measurements of I2 have not been demonstrated to date, no problems are anti-
cipated in making such measurements.

Laser-excited MF'S can also be used for off-line or on-line ncn-destructive
assay (NDA) of solution species. For off-line measurements sample sizes as
small as 4 £ have been reported [3.12C]; and with analog detection electronics
measurement times of several seconds have been repcrted |3.169]. On-line NDA
measurements have been made in standard stopped-flow absorption cells (30-60 ug
volume) with front-surface illumination and fluorescence detection [3.197].
Continucus-flow measurements have not been reported but should be possible for

real time on-line monitoring of the analyte concentration.

3.4.3.8 Capability for Automated Operation

Microprocessor- and calculator-controlled N2 pumped dye lasers are availabl
for use in fluorescence measurements [3.75, 3,199). For molecular fluorescence

measurements fixed-frequency gas lasers can be used in many cases as the
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excitation source. The operation of non-flame atcmizers for AFS can be auto-
mated; and automated samplers are available for use with non-flame atomizers
{3.2001. Digital data collection and enalysis can be used fur [luorescence
measurements in much the same way as it has been used for Raman scattering
measurements (see Section 3.2.4.8).

3.4.3.9 Summary of the Principal Advantages and Disadvantages of the
Fluorescence Methods

The principal advantages and disadvantages of the fluorescence methods

for gquantitative analysis are summarized in Tables 3.20 and 3.21.
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Table 3.20. Summary of atomic fluorescence spectroscopy.

1.

AFS is an element specific method which can be used to measure a
large number of elements in solution (one at a time) with very few
spectral interferences.

Tre measured fluorescence signal scales linearly with analyte con-
centration over a large concentration range; and reliable standard-
ization procedures (analytical calibration curve) have been
developed.

AFS is extremely sensitive, permitting the detection of many atomic
species at sub-part-per-billion levels. Saturation of the
absorption of the analyte species will! minimize the effects of
laser instabilities and fluorescence quenzhing while non-resonant
fluorescence detection will eliminate self-absorption and scattered
laser light.

The fluorescence methods have a very high spatial resclution
(up to 10 13).

There is a possibility of extending AFS to the detection of isotopes
by using nonlinear fluorescence spsctroscopy (e.g. intermodulated
fluorescence spectroscopy).

Disadvantages:

AF3 is an off-line measurement in which the sample is destroyed.
Several minutes are required for each elemental determination.

Multi-element analysis by AFS is difficult and time consuming.
The experim=ntal parameters must be readjusted for each elemant.




Table 3.21. Summary of molecular fluorescence spectroscopy.

Advantages:

1.

MFS can be used for on-line non-destructive assay (NDA) or off-line
measurements using small samples (10-1.00 ,£) contained in sealed cells.

The measured fluorescence signal scales linearly with analyte
concentration aver a large concentration range; and reliable
standardization procedures (internsl standard and ccnstant addition)
have been developed.

MFS is extremely sensitive and has a very high spatial resolution.

Fixed-frequency lasers can often be used for MFS measurements.
Frequency-switching techniques have been developed to discriminate
against aerosol fluorescence and Raman scattering for gaseous
measurements.

Disadvantages:

1.

Few molecular species exhibit fluorescence, thus limiting the
utility of the method.

The molecule specificity in solution will depend upon the measure-
ment circumstances and the presence of cther species which flucresce
or quench the fluorescence of the analyte species.

In solution, the analyte fluorescence is sensitive to changes in
temperature, viscosity, pH, and the presence of fluorescence quenching
agents,
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3.5 Nonlinear Spectroscopy
.

Atoms and molecules in the gas phase at a low pressure undergo random
thermel motion with . velocity distribution dependent upon the gas temperature
and the mass of the individual particles. This velocity distribution is the
source =f Dcppler broadening which at room temperature produces a linewidth
in atomic and molecular transitions many times larger than the natural line-
width which is determined by the lifetime of the excited state. In most
atomic species the hyperfine structure and isotope shifts of electronic
tiansitions cannot be resolved using linear abscrption and fiucrescence

spectroscopy because of the Doppler effect.

A number of techniques have been developsd to remove the restriction
of the Doppler effect on optical spectroscopy [3.5]. These techniques
include atomic and molecular beams, microwiave-optical double resonance
spectroscopy, level crossing spectroscopy, and quantum beat spectroscopy.
The availability of narrowband tunable lasers has led in recent years to the
development of a number of noulinear spectroscopic methods, two of which can
be used to virtually eliminate the effect of Doppler broadening thereby
attaining a spectral resolution limited only by the laser linewidth and/or
the natural transition linewidth. The two principal methods of nonlinear
laser spectroscopy which are essentially free of Doppler broadening are
saturation spectroscopy which is based upon the changes produced in the
velocity distribution of atoms or moleciales when excited oy an intense
coherent light beam, and two-photon spectroscopy which is based on the
simultanecus absorption of photons by an atom or molecile from two laser

beams similar in frequency but propagating in opposite direetions 73.57.
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Althcugh the use of these ncnlinear spectroccopic methods for quantitative
analysis has received little attention tn date. *hev are considered in this
report since they offer unprecedented spectral rescluiion for rhe detection
of isotopes and are applicable over a very wide spectral range (ultraviclet,
visible, and infrared). In addition. two-photon spectroscopy vermits the
study of species having energy levels at twice the photon energy thus extending
the wavelength range of nonlinear laser spectroscopy to the vacuun ultraviolet.
And furthermore, two-photon spectroscopy can be used for measurements in an
environment for which a single photon wculd be strongly absorbed (e.g. the
measurement of the rare gases in the atmosphere).

The field of nonlinear laser spectroscopy is rapidly growing and has
been reviewed frequently in recent years 3.1, 3.3, 3.5. 3.8. 3.139, 3.201-
3.2093. A bibliography on the optical isotope shifts of atoms has also been

compiled [3.2107.

3.5.1 Baturation Spectroscopy

When a gas is excited by the intense cohereut radistion from a laser,
the optical pumping of the atoms or molecules into an excited state can proceed
faster than the competing relaxation processes (e.g. spontaneous emission and
collisiona)l relaxation) thereby saturating the absorbing transiticm [3.1].
Saturation will occur, however, only for those atoms or molecules which are
Doppler-shifted into resonance with the exciting laser radiation. Therefore,
in the excited state there will be an excess population with the resonant

axial velocity; whereas in the lower level there will be a deficiency.
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These changes in the velocity distribution can produce nzrrow
resonant changes in the absorption which can then be probed by a second laser
dentical freguency but traveling in the opposite direction T3.37.
If the common frequency of the two laser beams (pump and probe) does not
coincide with the center freguency of the atomic or molecular transition, the
orpositely direcled beams will interact with two velocity groups having
exactly opposite velocities because of the Doppler effect. In this case the
absorption of the weak prcbe beam will be unaffected by the presence of the
intense pump beam. On the other hand, if the laser frequency is tuned to
the center of the Doppler profile, both beams will interact with the same
velocity group, namely those having essentialy zero axial veloecity. In
this case the probe beam will interact with the velocity group whose absorption
has been saturated by the pump beam, and thus the absorption of the probe
beam will be decreased. Therefore as the laser freguency is tuned across
the Doppler profile the absorption of the probe beam will exhibit a resonant
"dip" exactly at the center of the Doppler profile with a width equal to the
homogeneous linewidth (determined by the natural linewidth, collisional

broadening , and laser linewidth).

3.5.1.1 Explanation of Method

The saturation of an atomic or molecular transition can be described by

an intensity- and frequency-dependent absorption coefficient, o(v,I) [3.2117]:

& - o(v, Dz (3.17)
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In the case of a homogeneously broadened transition

a, (V)

Yy =

01('\4’,1/ = f T -I/IA
s

with
(v) = % _ mfe
a NV pe ) )
(aw/2)° + (v - vo)

where IS is the saturation intensity of the transition,
@, is the absorption at line center,
and Av is the homogeneous linewidth of the transition.

With a moderate laser intensity (I << Is), Fqn. 3.17 can be approximated as

alv,I) =~ o (V)[1 - I/Is]

In a saturated absorption experiment, the change in intensity of a
weak probe beam caused by an intense pump beam which is turned con and off

is measured [3.211]. The change in intensity of the probe bzam is given by

a1 ar I
= -] ma (v) D =
[I]I=0 (: ‘]I GV T

where L is the interaction path length in the absorbing medium,

Alternate methods for saturation spectroscopy measure the change in fluorescence
intensity of a gas upon saturation (intermodulated fluorescence spectroscopy
[3.212]) or the change in polarization of the probe beam (polarization

spectroscopy [3.2137]).
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3.5.1.2 Experimental Techniques for Saturation Spectroscopy

The experimental apparatus used for a saturation absorpticn experiment
is shown schematically in Figure 3.17. A strong pump beam and a weak probe
beam are cbtained from a tunable cw laser and are oppositely directed through
a sample cell containing an absorbing gas at a low pressure (., 0.1 - 1 torr)
72.2147. A slight crossing angle (< 2 mrad) of the two beams is used to
prevent feedback into the laser. The saturating pump beam is chopped and
the resultant modulation cf the probe beam due tc the nonlinear interaction
in the abscrbing gas is measured.

As the laser is tuned to the center of the Douppler-broadened absorpiion
line in the gas, both laser beams interact with the same group of atoms or
molecules, namely those having essentially zerc axial velocity., This produces
an abscrpticn spectrum with a spectral resolution determined by the laser
linewidth and the homcgeneous linewidth of the gas. If the laser linewidun
is small and the gas maintained at a low pressure (. 0.1 torr) to reduce
collisional broadening, a resclution nearly equal tc the natural linewidth
can be obtained. This permits the observaticn of hyperfine structure and
isotope shifts in atoms and molecules. Saturated sbsorption measurements
can alsc be made with a narrowband pulsed tunable dye laser [3.2157.

Saturated asbsorption spectrcscopy can provide a spectral resoluticn
much higher than that of the external absorption method which is Doppler-
limited [3.216]. However, this increase in spectral resolution is at the
expense of an equally large decrease in sensitivity. Therefore for the trace
analysis of isotopes with the use of nonlinear laser spectroscopy it is prefer-

sble, when possible, to use intermodulated iluorescence spactroscopy which provides
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both a high spectral resolution and & high sensitivity. In a fluorescing
gas, whenever the absorption is reduced by saturation sc alsc is the
fluorescence.

A schematic diagram of the experimental apparatus for intermodulated
fluorescence spectroscopy is shown in Figure 3.18. 1in order to detect
the fluorescence, the two laser beams are adjusted to be of nearly
equal intensity and are mcdulated at different frequencies. The nonlinear
interaction of the two beams produces flucrescence components at the sum and

difference frequencies which can then be detected using a ™T and a lock-in

amplifier.

3.5.1.3 Use of Saturatiocn Spectroscopy for Quantitative Analysis

To date, the emphasis with saturation spectroscopy has been placed entirely
on its use as a Doppler-free method for studying the hyperfine structure and
isotope shifts in atomic and molecular species with the result that it has
yet to be used for guantitative analysis. Theoretical studies of the sensi-
tivity of saturation absorption spectroscopy, however, have indicated that at
a gas pressure of 10-2 torr this method will have a detection limit 2 to 3
orders of magnitude higher than external absorption spectroscopy [3.216].

Saturated absorption measurements of the sodium hyperfine structure and isotope

shifts have been made at concentrations of ~ 8 x 107 atoms-ca™3 using a N,
pumped dye laser [3.215] and 2 x 109 atoms-cm-3 using a cw dye laser [3.217].
The sensitivity of intermodulated fluorescence spectroscopy (IMF) is expected
to be much higher than that of saturation absorption spectroscopy [3.2167;
and IMF measurements of the hyperfine structure of icdine have been possible

at vapor pressures as low as 2 X lO-h torr (~ 8 x lO12 mol-cm-3) [3.2123.
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3.5.2 Two-Photon Spectroscopy

The simultanecus absorption of photons by an atom or molecule from two
leser beams similiar in frequency but propagating in cpposite directions form
the basis for Doppler-free two-photon spectroscopy (TPS). Two-photon spectros-
copy allows the investigation of forbidden transitions and, in this respect,
compliments saturation spectroscopy as a method for high resclution spectroscopy.
In addition, TIPS can be used to study levels having an energy twice as large
as the photon energy, thereby ertending the range of ncnlinear laser spectroscopy

to the vacuum ultraviolet.

3.5.2.1 Explanation of Method

To understand Doppler-free two-thoton spectroscopy, consider an experiment
in vhich an atom is present in a vapor cell and traveling with an axial velocity
ccmponent vZ 73.2187. If “wo laser beams cf frequency v are directed hrough
the cell in cpposite directions, the frequencies of these beams as seen by
the atom will be v(l - ;?) and v(l + 2%) . Therefore if the atom undergoes a

two-phcton transition by absorbing one photon from each of the twe counter-

propagating laser beams, the Doppler-shift will be cancelled since

v(l _ ;?) + v(l + %?) = 2y. (3.18)

From Eqn. 3.18 it can be seen that each atom or molecule in a gas, regardless

of its thermal ve.-_ity, can pa-.icipate in the two-photon absorpticn process

in which one photon is taken from each of the two counterpropagating beams.
Since it is alsc possible for an atom to absorb two photons which are

traveling in the same direction, the prcfile of a two-photon absorption line
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will in general be the sum of a wide Doppler-broadened prcefile and a narrow
Doppler-free profile. However, by using circularly polarized laser beams it
is possible to select a twe-photon transition for which the Doppler-broadened

profile is completely eliminated (e.g. S to § transitions for which the selection

rule is am = 0) [3.219].
Two-photon spectroscopy can alsc ve performed with twe laser beams of
different frequencies. The ability to arbitrarily select cne of the laser
frequencies allows the use cf a resonant intermediate level which will greatly
increase the two-photon absorption cross-section. In the case of sodium, the
use of a resonant intermedizte level increased the two-photcn absorpticn cross-
secEion by over seven orders of magnitude [3.220). The induced cross-section
for the sodium 3§-4D transition is intensity dependent, being cn the order of
{53 x 10 §IE cmg where I2 (4 - cm'e) iz the intensity ¢f “he laser b2am at
+the resonance frequency V2. Thus by focusing the cw 3ye laser beam in the
sample, the fwo-photon absorption cross-secticn of sodium can easily be made
comparable t~ the single photon absorption cross-secticn =f the 39-3F
rescnance transition which is -~ 3 x 10710 or?,
The use of two distinet laser frequencies in a two-photcon measurement
will also result in a residual Doppler shift. This residual Doppler shift
will be reduced from the normal Doppler shift by the factor (Vl - vg)/(v1 + v2)

where vy and vy are the frequencies of the two laser beams [3.218].

3.5.2.> Experimental Technigues for Two-Pacion Spectroscopy

A schematic diagram of the experimental apparatus for two-photon spectros-

copy of sodium is shown in Figure 3.19. The sodium vapor cell is placed in a
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standing wave field outside the cavity of a continucusly tunable single mode
cw dye laser. By tuning the dye laser to half the transition wavelength
(578.732 nm) approximately 10% of the sodium atoms could be excited to the

3s + 44 two photon transition with a laser power of 30-50 mw [3.2217. The
two-photon absorption is detected by cbserving the resultant fluorescence
decay from the 4p + 3s transition at 332.2 nm. At a ccrncentration of ~,10lo
atoms-cm-3 the detected fluorescence light corresponded to € x 107 photcns-s_l
thereby allowing the two-photon absorption spactrum =f sodium tc “2 reccrded
directly by a chart recorder.

Doppler-free two-photon spectroscopy has alsc been performed cn transi-
tions that would be in the vacuum ultraviolet (VUV) (e.g. 1S -+ 23 transitions
in atomic hydrogen and deuterium 3.222]). The experimental arrangement
used in these measurements was similar to that shown in Figure 3.19 .xcept
that a frequency-doubled N,-pumped dye laser (243.0 pm) was used as the
excitation source. The ground state H aund D atcms were produced by “he

dissociation ~f H_ and D, in a Wood-type discharge tube {sypically 0.1-0.5

2 2

torr pressure)}. Collisional transfer from the 28 to 2P levels permitted the
two-photon absorption to be monitored by observing the 2P -+ 18 flucrescence
at the Lq wavelength (121.5 nm).

VUV multi-photon spectroscopy has also bezen parformed on xenon, hyirogen.

and deuterium that was not Doppler-free. The 180 -+ lDD transitien in xenon

at 126.2 nm was studied with a frequency-doutled N,-puamped dye laser [3.2237.

2

The xenon two-photon absorption was detected by observing the flucrescence

decay of the 3P2 state in the near-infrared. Three-photon ioniza“ion cf

atomic hydrogen and deuterium with a resonant two-photon intermediate state

has been used as a sens:tive means of detecting these amtcoms [3.2247. Con-

3

centrations of H and D as low as b x 109 atoms-cm ~ could be detected in
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the presence of lO17 atoms-cm-3 of buffer gas using this method. Isotopically
selective excitation of the 18 + 28 two-photon transitions in H and D was
possible using the fourth harmonic of a Q-switched Nd:YAG laser (266 mm) and
the frequency-doubled and -summed output from a second harmonie Nd:YAG-pumped
dye laser (224 nm). Ionization of the excited atoms was produced by an
additional pheton from the freguency-guadrupled Nd:YAG laser.

The use of lcn detecticn techniques in multi-photon spectroscopy can be
extremely sensitive. By szturating an intermediate one- or two-photon
transiticn essentially the entire suantum-selected pcpulaticn can be icnized
and Jetected with a gas proporticnal counter or an evacuated electron
miltiplier [3.2257, This detection technique has permitted the detecticn cof
single atoms of cesium "3.225-3.2277. In making these msasuremenis, a flashlamp-
pamped dye laser wis usad to excite the cesium 6281/2 + 72P3f2 transition at
455.5 nm with additional photons from the same laser ionizing the excited
cesium atoms [3.2257. With a laser fluence of 100 mI—cm_Z, 90% of the
ground state cesium atoms were ionized in these measurements. A gas propor-
ticnal counter (P-10 counting gas) was used to detect single cesium atoms in
an envirenment of 1019 atom%—cm—s of counting gas. This technique has also
been used to mensure the density fluctuations of cesium atoms 73.2267, and
tz detect single cesium ztoms formed from the spontansous fission decay cf

252ce r3.2277.

3.5.2.3 Use of Two-Photon Spectroscopy for Quantitative Analysis

When fluorescence detection is used, the sensitivity of two-photon
spectroscopy will be compareble to or better than that of sa“uration
spectroscopy. Doppler-free two-vhoton measurements of sodium have been

made at a concentration level of lO10 a.toms-cm-3 with a2 signal~to-noise
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ratio of ~ 100 thus indicating a detection limit on the orde- of lOJ atoms-
em™3 r3.2211,

When two-photon ionization is used «ith saturation of “b« intermediate
state, it has »een possible to detect single eioms »f cesiwm in 3 gas

proporticnal counter 73.225-3.227°. 1In the case of saturatesl three-photon

ionization, discharge-produced !i and D have been detected at cuoncentra

72,2247, In this latter cas=2. thes innizati

O

a

as low as 4 x 107 atoms-cn™

R

. . . A
signal was linsar wich conceniraticn up to 1.5 x 172 atoms-

3.5.3 Evaluation >f Nonlinear Spestrcscopy for Use in fuclear-fusl
Processing Plants

3.5.3.1 Previous Us2 in tne Nuclear F2:l Cycle

Nonlinear laser spectroscopy has yet Lo be used ss an analy-ical =«

in the nuclear fuel cycle.

3.5.3.2 TPossible Measurem2ut Spacies

The nonlinear spectrcscopic metheds could be azed o

specific measurements of species present in nuclear-fuel pm
The species waich could possibly be measured «ith thes2 meth 48 in2lude
isc*opes of uranium and plutonium and fission predusts. In “h2 tass of
metallic elements in solution, the use cf a non-flame a*cmizer w-uld provide
an atomic vapor which could be probsd to make an isotope-specific measure-
ment.

Fission producl gases such as

SsKr, HTC

-TheLen

detected by the nonlinear spaciroszopic methods. Saturated amul
spectroscopy may provide a very sensitive means for the detection of these

gaseous species.
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‘.2.7 TIsctope and Molecule Specificity

“he ncnlinear spectroscopic methods can sttain = orocetral rescluticn
nearly v:iiaal ¢ the natural linewidth of atomic and m-lecular transiticns,
and., thus, these methods will be bath isctnpe and molecu’e specific. Tha
shifts in the iy lines of sodium-22 and -23 and these in .2 556 and 557 na
linez or the aven is~t.pes cf nsutral krypton have b-en measared oy saturation
spectroserpy T3.217, 3.20280 3.7°797. Two-photon spectrosaopy has been used
‘ make is ' pe selective meas rements of hydrogen and ieiterium 73,222,

.00 and of rabidium-35 and =87 7303

3.5.3.4 Sensitivity to Matrix Variations

The sensitivity of the nonlinear spectroscopic metinds to matrix effects
should be similar to that reported for abscrpticn and fluorescence spectroscopy

(see Sections 3.3.4.4 and 3.4.3.4),

3.5.3.5 Measurement Precision and Accuracy

No measurements of the precision and accurccy of the nonlinear methods
have been made although they should be comparable to those reported for atomice

fluorescence spectroscopy (see Sec. 3.4.3.5).

3.5.3.6 Standardization Procedures

The standardization procedures for the measurement of isotopes in solution
would be based on the use of an analytical calibration curve in a manner

similar to that reported for atomic fluorescence spectroscopy (see Seec. 3.4.3.6).

3.5.3.7 Measurement Time and On-Line Capability

For the measurement of species atomized from solution with a non-flame

atomizer the measurement time and on-line capability of the nonlinear methods
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will be identical tc that repcrted for atomic fluorescence spectroscopy (see

Sec. 3.4.2.7).

3.5.3.8 Capability for Automated Qperation

The nonlinear spectroscoplc methods could be automated in a manner similar

to that reported for the fluorescence methods (see Sec. 3.4.3.8).

3.5.3.9 Summary of the Principal Advantages and Disadvantages of the
Nonlinear Spectroscopic Methods

The principal advantages and disadvautages of the nonlinear spectros-
copie methods for gquantitative analysis are summarized in Tables 3.22 and

3.23.
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1. Daturaticn spactresciny is a
attainment «f a spectral rescluticn limited (aly e laser line-
width and/cr the hom-genecus linesidth - 4 a1t v lecular
transiti-ns. This »ill pe
nest atomic ani zmolecular

grestroser oy

2. The use of flucrescenns dz2te
greatly increases the segeitivity .f the methrd. T date. high
spectral rescluticn measareﬂsnﬁs nave been made ¢n scdiwn it con-

centraticns as low as 2 x 10 atems-cm™2 and -n icdine ' con-
s - -
ceatraticns as low as - 3 x 1037 amolecales-om

1. Saturation spectroscopy rejiires that measuremnsnts bes made at a
reduced pressure to reduce the effect of collisicnal broadening.
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- The sensitivity of two-photon apectroscopy can be very high since
the ase of counter-propagating laser beams allows interacticn #ith
the esntire veloeity distribution. The use of a resonant inter-
mediate state providss an intensity-depeadient two-phe “on absorptinn
ercss-sectica waleh =2 be made comparable to a single ~hoton
abazrorption 2ross-s2oticn. Dopoler-free 7T measure§ents of sodium
have been pcssible at concentraticns as low -3

as ~ 107 atoms-cm=2,
Deprler-broadzaad two-photen icnizaticn hzs parmitted the detection
«f single caszium atems in a gas proportional counter.

3. Twz-photen spectrescopy allows the measuremsnt of specles having
energy levels at twice the photon energy. thereby extending the
wavelength range of nonlinear las2r spectroscopy to “he vacuum
ultraviolet. T28 can b2 us2d for measurements in an envircament
for waich a single phzénn would o2 strongly absoroed.

Disadvantages:
1. Ressnantly-enhanced TPS genarally reguires the use of two lasers.

2. Doppler-free TPS measarements must be made at a reduced pressure
to reduce the effect of collisicnal broadzaing. Doppler-broadens:
two-photon ionization measurements mist be made in an evacuated
electron multiplier or a gas proportional.
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L. A Compariscn ¢f the Laser-Based apd Cenventicnal &naly~inal
Methcds frr Use in Nuclear-Fuel Pr-cessing !lan<s

In this chapter, the laser-based analytical methrds will e compared tc
the conventirnal analytical methods presently in use at fuel proccessing plants
or proposed for use at such plants., By comparing the varicus metheds for the

measurement < speciflic species at specific lccaticns in a fuel processing

plant, the tromising areas fror the develcrment of -hc laser-based nethods

can be identified.

L.1 Introduction

The conventicnal analytical methods used in the nuclear fuel cycle are
in many cases extremely precise and accurate, end have prcven very reliable
over many years of use. However, the majority of ‘hese conventicnal methods
must be used off-line and require a chemical separaticn ¢f the analyte species
from other interfering species by sclvent extraction and/or icn exchange
techniques. This chemical separation from interfering species and subsequent
manipulations of the sample required with many cf the conventional methods
are time consuming and result in a low sample through-put.

The development cf at-line and on-line non-destructive assay {NDA) methcds
in rec-nt years has eliminated the need for chenical separaticns and sample
hendling while still providing, in many cases, a high degree of precision and
accuracy. These NDA methods can substantially reduce the measurement time,
and, in many cases, permit continuous on-line munitoring of selected species.
The NDA methods, however, have been develcped primarily for the measurement
of uranium and plutonium and are not as widely applicahble as the off-iine.

chemical methods. In addition, the NDA methods are in certain cases susceptible
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seoeess ¢ontrel, and effluent contrcl.  Cthar lasar-baged nethods 2an be
e r'er off-line measurements with very small sample sizes (~ 1-50 uy)
reby minimizi.g the problem »f handiing highly radicactive 3:=ples. For
ne off-line laser-b 1 methnds ninimal sample preparaticn. if any, is
exrecied to be reguired.
In “he cas=2 of leng-lived radioisctcpes, the lasar-based methods have

an inheren® advraniage cver the passive counting methods. The 4otal ensexile

of atoms or molecales present in the probe volume in the sample can potentially

contribute to the detected sptical signal, whereas only those atoms which
dzcay can be dztected oy the counting methods. This aigher sensitivity

of the laser-bpssed methods will permit the real-time on-line monitoring of

HEO, 12919 and Lhcoe and possibly 87Kr in the off-gases in 2 fuel processing

plant.
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etry frem ions having the same m/e ratio (e.g.
Pu, “7"Th and 232U).

In the product storage tanks, highly accurate accountability measure-
ments are again regquired. However, in this case only the concentrations of
uraninm and plutonium muast be dstermin2d. A number of conventicnal metheds
(isotope-dilution mass spectrometry, titrimetry, grav try. absorption-edge
dznsitometry, and spectrophotometry) can be used for these measurements.
These conventional methods offer a higher degres of aczuracy than could be
presently achieved with the laser-based nethods. ' he conventional methods
above, absorption-edge densitometry and spectropisioumetry a:. nresantly
being considered for on-line accountability measuvrements of the rroduct
solutions.

A number of NDA methods can also be used for accountatility measure-
ments in process streams. These inzluds alpha spectromstry and.gamma-ray
spectrometry (vhich are both isotope specific) and absorption adge densito-

metry and specirophotometry (which are botn element specific). The laser-
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based methods which should ve considered for accountability in process
streams are Raman scattering, external absorption spectroscopy, and molecular
fluorescence spectroscopy. These methods can provides a faster measurement
time and a higher sensitivity than the conventional methods although presently
at the expense of a lower degree of precision and accuracy. The laser-based
methods are therefore mosht appropriate on those process streams where the
SNM concentration is low, where a more rapid measurement is required, or
where interferences prevent the use of the conventional NDA methods. When
"spiked" or Civex fuel cycles are considered, the much “igher background
radiation levels in these cycles may allow the element specifie lasar-based
methods to successfully compete with the conventional NDA methods.

A nunber of conventional methods have beea used for measurements « £
uranium and plutonium in waste streams: alpha spectrometry, spectrophoto-
metry, ani fluorimetry. The ase of alpha spectrometry for these measure-
ments reqiires a counting time of at least several minutes; while spectro-
photoretry and fluorimetry require that the sample be chemically separated
from interfering species and either complexed or fused prior to a measure-
ment. The use of laser-based methods such as resonant Raman scattering,
external absorption spectroscopy, and molecular fluorescence spectroscopy
should permit rapid on-line measurements of SNM in *hese Qaste streams. In
addition, atomic fluorescence spectroscopy could he used as a rapii at-line
measurement method for uranium and plutonium in both the high level liguid

waste (HLLW) streams and the low activity waste (LAW) streams.



4.3 A Comparison of Methods for Process Control

On-line laser-based azalytical methods are available which offer a rapid
response time for process contrul. Laser-excited resonant Raman spectroscopy,
external absorption spectroscopy, and molecular flucres nne spectroscopy
should be considsred as possible metneds for measuring the loss of uranium

m

and especially plutonium ¢ the aqueous waste streams. T! >se measuremants
of plutonium will provide the first indication of improper operation of the
separation banks. The use of the laser-based methods shoul® provide a much
faster measurement than would be possible with any of the cor rentional
methods.

Raman scattering and =2xternal absorptisn spectroscopy are molecule
specific and thus can be used to determine the relative adbunilinee of
platonium in its various oxidation states. This measarement is reguired at
the various poinks in the solvent extraction process where plutonium is to
be extracted into or out from aguenus solution. Laser Raman scattering
can also be used for the simultaneous determination of the coucentration
of the oxidant (Noé) or reductant (ferrous salfamate, hydroxylamine nitrate,
or U(IV)) which mus%t be addad for proper valence adjustment of plutonium.
Presently, spectrophotometry is used to measure the nitrite ion concentraticn

indirectly by mounitoring the WO, concentrabion in air which is sparged through

2
the process solution.

Raman scattering and possibly external absorpition spectroscopy could be
used as an alternative to gas chromatography Tor the measurement of solveant
degradation products in process and acid wash sireams. Gas chromatography

is time consuming since the solvent degradation products must be chemically

pretreated to convert them into volatile methyl derivatives prior to injection

ks



into the gas caromatograph. Sample preparatisn should oe minimized with
the laser-based methods. Raman scattering coull also be used to monitor
the preseace of solvents in the agueous waste streams.

Atomiz= fluorescence spectroscopy providas a very seasitive method for
the measurement of plutcnium and azeptunium in “he drocess streams in the
second uranium cycle and the measurement of uraalum “n the second »lutoanium
cycle. Similarly thorium and protactinium could he measured in the Thorex
orocess. The valence of neptunium and protactinium zould possibly be
measured in the first cycle feed adjustment tank asing o« .onant Raman

geattering or external ebecrpiion speeiroscopy. This measuremens would sermit

solutions meet the required alpha dseontaminatisu specifications.

L. A Comparison of Methods for Efflu

Conveational methods nave beea dsveloped for real-time on-lite measure-
ments of NO2 (chemiluminescence Yo, aaalyzer), tributyl phosphate vapors
{photomatric phosphorous Zas analyzer) and <ryp4on-85 {gamma-ray counting).
However, on-line real-time aonitoring methods either do net exisi or suffer
129 1k

4,

53 and ~'C3,. The high

serious interferences whea used to detect 70,
sensitivity of the laser-based methods should permit real-tine on-line
weasuremnents of these and other gases. External absorptisn spectroscopy
N R s PO P ik, g 29
couldi be used Tor on-line real-tiua ponitoring of HIC, v02, and uH3 I
at selected points in the off-gas conirsl system, while molecular flucorescence
spectroscopy or intracavity absorptisn spectroscopy coull e used to monitor
2 s sps .
1‘9I2. Two-photon spectroscopy should be considered as e sensitive off-line

1l
method for the measurement of BSKr, HTO, and = 20,.



If unforseen probleas arise with the conventiional methods for monitoring
NO, and tributyl phosphate (TBP) vapors, laser-based mathods also exist for
these species. Molecular fluorescence spectroscopy couli be ase2d 5o menitor
Nﬁe, while external adsorpbion apectrescopy is capadble of monitoring bobth
!\TO,‘2 and TBP vapors.

Laser-ex.:ited atomi~ fluorescence spectroscopy sould bhe uzed 30 measare
specific fissisn prodicts and actialle elamants present in She 1lig1ld waste

streams {HLLW and “AW). Wheu counled with a nonlinear spectroscopic method

D

sach as intermodalated fluorescence spectroscopy, it should »e possisle ta
determine the concentration »f specific isotopes in these waste sireams.

Laser Raman spectroscopy has already been 1sed bto measure the concentratinns

the various anions pres=nt in the high level 1liguid waste from a fuel

processing plant.

Atomic emission spectroscopy is a conveational method which can bz
used to simltaveously determine the many elements sres2a* in the waste
streams. However, this methed is ia genevral ant isotope speci€ic and it
lacks the seasitivity of laser-excited atomie fluorescenre spectroscopy.
The counting methods, on the other hand, are isotope specific but reguire a

chemizal separation of the analyte svecies from “he highly railoactive waste

streams and this are tine consuming.

4.5 Couctusion

The high seasitivity, selectivity, and speed of che laser-baszed analytieal
methods have been demonstrated in mamerous applications outsiie of the naclear
fuel cycle. The application of these methods to measarements in nmiaclear-fuel

processing plants will greatly improve thz response times for critieal

process and affluent control measurements, improve dynamic accounsahility

L7



measurements at secondary process and wuste sireams, and improve the measure-
meut sensitivity for low-level species in gaseonus and 1lijuii effluent
streams. The use of active stabilizatiosn and/or parallel data acguisition
technijues should permit these measurements %o be made with a precision and
accurany comparadle to that of the conventinnal analytical metheds. Thus

the laser-based analytical methods offer exciting nossinhilisies for an
improvedl measuremens capability 141 mualaar-fuel processing plants and

alsewhece in the nuclaar fuel oyela,
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