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SUMMARY

This thesis is concerned with the development of the new, laser-based
analytical technique of Resonance Ionisation Spectroscopy (RIS) for
monitoring of components of nuclear waste materials, in the environ~-

ment, which are difficult to assay by radiometry.

Chapter one begins with a veview of the literature on RIS since its
inception in 1975, and concludes with a brief discussion of the theory
of the technicue: multivhoton ionisation is described and saturation
conditions derived; the basic resonance ionisation schemes, plus

variants which do not involve photons in the ionisation step, are given.

Chapter two deals with the nuclear power industry. Basic reactor
design and waste managenment procedures are detailed, with particular
emphasis on the ways in vhich radioactive species are generated and
how they may subsequently, by accident or authorised discharge, be
released to the environment. The unsuitability of counting technigues
for monitoring of low energy,;s'- active nuclides (particularly if
present in low concentration) is noted, as is the suitability of RIS
for this task. I'rom a literature-based assessment, 1;20s was deemed
to be the low energy B " emitter of greatest envirommental significance

and, consequently, a study of multiphoton transitions in caesium was

undertalken.

Chapter three contains an outline of the apparatus and equipment
employed in the experimental work. The laser system and caesium

detection/



detection chambers are described in detail.

The study of background ionisation in proportional counter systems
similar to that used for caesium comprises Chapter four. The
significance of this work is that non-resonant background ionisation
arising in impurities in the counter gas may swamp resonant signals,
limiting the sensitivity of RIS. From the wavelength dependence of

the baclkground ionisation, phenol and toluene were identified as

contaminants.

Chapter Tive contains the results of experimental work on the
detection of caesium vapour emanating from a solid sample of the
metal. Both two photon (one vhoton resonsnt) ionisation and three

photon (two photons mesonant via a virtual level) ionisation were

3
3

s

ependence of the observed transitions on laser fluence

[@F]

used. ‘The
was studied. The efficiency of lonisation at different wavelengths
and using different ionisation schemes is compared and, for analytical
work, detection of caesium by resonant excitation to Rydberg levels
followed by collisiongl ionisation is recommended., A& value of the

. . .. . . . P -19 2
single photon ionissticn cross section for caesium of 1.1% x 10 cm

is obtained as are values of the two photon resonant ionisation

cross sections for the 6s

oy

- Tp3 and the 6s, - Tp; transitions.
2 2 >l

3

In Chapter six, future work on RIS at Glasgow, which will principally
consist of the construction and use of resonance ionisation mass
spectrometers, is described. General conclusions are drawn concern-
ing the achievable detection limit of such devices and on their

future applicability, in particular to nuclear waste monitoring.




The Appendix describes a non-analytical applications of laser induced
ionisation in calibration of multi-wire drift chambers for high energy
physics experiments. Results are presented of a project aimed at
selection of a suiteble ionisable additive (seeding agent) for the

time projection chamber at CERN.,



CHAPTER 1 RESONANCE IONISATION SPECTROSCOPY

1-1 Introduction

Interest in laser induced ionisation in gases has arisen
from two main fields of scientific endeavour. In experimental
High Energy Physics the use of pulsed lasers to simulate particle
tracks for calibration of large, multi-wire drift chambers has been
under investigation; whilst in Chemistry the potential of the
laser as the ultimate in analytical tools, capable of element- or
even isotope-specific, single atom detection, has received much

attention.,

The analytical technique of Resonance Ionisation Spectroscopy (RIS)
was developed by G. S. Hurst and co-workers at Oak Ridge National
Laboratory in the U.S.A. (1-6). Independently, a group in Moscow,
U.S.5.R.y, headed by V. S, Letokhov, were also involved in investig-

ating analytical applications of laser ionisation (7,8).

The basis of RIS is element-specific photoionisation brought about
by high power, pulsed laser radiation. Laser photons are tuned to
precisely match atomic transitions within a selected target element
and ionisation is brought about by a stepwise multiphoton process.
In the simplest scheme - two photon resonance ionisation, shown in
Figure 1.11 = a laser photon W5, promotes an electron in an atom from
a selected quantum state A (which may be the ground state) to an
excited intermediate state B lying more than half way to the

continmuum C. A second photon from the same laser pulse, interacting

with/
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FIG.111: Two photon resonance ionisation




with the excited atom, removes the electron to the continuum., Since
photons may be tuned to a transition of an element which does not
coincide with the spectral line of any other element, elemental
selectivity is possible. Also, with high incident laser fluence
(number of photons/cm2 of beam area) the above process may be made
100% efficient, i.e. saturated. Since detectors exist which are 100%
efficient for observation of the electron (or positive fragment)
generated by the laser, e,g. proportional counters, electron multipli-
ers, it is possible to accurately and directly probe the population
of any selected quantum state of an atom, including the ground state,

by RIS,

1-2 A Short History of RIS

I ] eriments

RIS was named, and first used, in 1975 (9) in an experiment
to directly measure the population of the He (213) metastable state
generated by proton excitation. Atoms in the 213 level were resonant-
ly ionised via the 31p intermediate state by the absorption of two
photons at A = 501.5 mm, and detected using an ionisation chamber.
Laser fluence of around 1 J/cm2 was required to saturate the process.
Later, saturation was demonstrated at lower incident laser power by
the use of single photon excitation to 31p, followed by an associative
ionisation step involving collision between atoms in 31p and ground
state He atoms (10). Although this early work utilised an excited
state as the lower level of the resonance ionisation process, the

possibility/




possibility of extending the technique to the ionisation of ground

state atoms was apparent.

ITI _Single Atom Detection

A sample of caesium metal was sealed into a proportional
counter through which P-10 counter gas (10% CH4 in Ar) was pumped
at a pressure of 100 torr. Two photon resonance ionisation from
the ground state 62s% via the intermediate levels 72p%;and 72p%
was achieved. Sharp resonances were observed at the expected wave-
lengths of 455.5 mn and 459.3 nm, and saturation (i.e. 100%
conversion of ground state Cs to the continuum) was shown to be
possible. Populations of Cs atoms in the range 102 to 106 were
detected (calibration being to 6.4 keV x-rays from a Z;Co source)
and statistical fluctuations in the numbers of atoms in a small well-
defined region of space, i.e. the laser volume, were studied. The
detection of single atoms of Cs (calibrated by the exponential-like
pulse height distribution generated by single photoelectrons ejected

from the counter walls when exposed to a Hg lamp) was demonstrated

(11,12,13).

The following year -~ 1978 - detection of single atoms of ytterbium
was achieved (14). A three-step photo-excitation process was used

3

to promote atoms to the 17 Py Rydberg level; followed by electric-

field ionisation.

IIT  Single Molecule Detection

Molecular Csl above a heated, solid, crystalline source was

photo-dissociated/




photo-dissociated by an ultraviolet laser ( ). = 317.5 om). A second,
larger laser beam ( A = 459.3 mm), fired co-axially with the first
but after a variable delay, served to detect Cs atoms still within

the detector laser volume at an arbitraxy time after their production
(13,15). Since both dissociation and detection stages of the experi-
ment could be saturated, the experiment was considered proof of the

feasibility of detection of single CsI molecules by RIS.

IV Diffusion Studies

Using similar instrumentation and experimental techniques to
those used to study CsI dissociation (15), the rate of diffusion of
Cs atoms in Ar gas was investigated (16). At low Ar pressures,

i,e. 100 torr, the rate of disappearance of Cs from the detector
lagser volume could be attributed virtually entirely to diffusion
processes. At higher Ar pressures, reaction of Cs with impurities
became significant. A value of the diffusion coefficient D for the
alkali atom of 0.12 cmzs-1 (at 1 atm. Ar) was obtained. Small concen-
trations of 02 were added to the counter which greatly enhanced the

rate at which Cs was removed from the counter volume.

By improving the experimental design to incorporate a detector laser
which was not co—-axial with the dissociating laser, and which could

be positioned at a variable distance from it, more precise measure-
ment of D (i,e. to an uncertainty of + 5%) was possible (17). From
this work, D= 0.217 cn® 5 (normalized to 760 torr) for the diffusion
of Cs in P-10 gas. The value for Cs in Ar is expected to be similar
and the discrepancy between this value and the earlier result was
attributed to uncertainties in the quality and diameter of the laser

beams/




beams used in the first study (10).

v —]) er Coincidence ection

Detection of single Cs atoms was demonstrated under the

adverse conditions associated with ionisation tracks (18). Cs was

252
98Cf.

produced as a radioactive species by the spontaneous fission of
The ionisation associated with the passage of the fission product
nuclide through the countiing gas was swept on to a plate before the
laser, tuned to either 455.5 mm or 459.3% nm, was fired. The laser
linewidth was broad (0.4 nm) to encompass any isotope shift effects
- and all Cs isotopes were resonantly ionised and detected in a
proportional counter. Since the decay of the parent nuclide 23§Cf
was used to trigger the laser apparatus, and since the decay product

nCs was detected in time coincidence with its formation, this type

of experiment became known as Decay-Daughter Coincidence Counting.

252
98

mass peak are Cs atoms was obtained; comparable with the calculated

An experimental result suggesting (8.5 + 2.2)% of the “.%Cf heavy
value of T%. It was also discovered that Cs atoms stopped (thermalised)
in the gas tended to be neutral and not Cs+1 as was previously

assumed.

VI Resonance Ionisation Spectroscopy with lification (RISA

RISA is a technique whereby atoms ionised or raised to Rydberg
(i.e, highly excited, s-like) states by laser photons are then returned
to the ground state by collisional processes and made avaliable for
re-excitation (19). The cyclic photo-ionisation schemes so created

enable mobte than one electron to be extracted and detected from each

atom/



atom of the target species. Thus, signals arising from very small
populations of atoms may be enhanced and their number ascertained

with greater precision.

Two possible photo—ionisation cycles for RISA are shown in Figure 1.21.
In the charge transfer process, atoms are ionised in the usual way

by, for example, two photon resonance ionisation involving a ground
state 0, an intermediate state 1, and the continuum C. Collision
between the ionised species A+ and another molecule or atom M

returns species A to its ground state: i,e. A° is regenerated.
+ o +
i,e. A+ M—==A + M

In the Pemning ionisation scheme, the target species A is resonantly
excited by two dissimilar laser photons to a Rydberg state 2.
Collision with foreign bodies again de—excites the A*¥ +to the ground
state species Ao. An electron is ejected from the colliding species
M and may be detected in the same way as a photoionisation-produced

electron.

A+ M —= 2%+ M 4+ e

VII __ Elementgl and Molecular Detection using Resonance

Ionisation Spectrogcopy

Following the early work which involx;ed mainly caesium,
a number of elements were detected, in the gas phase, by laser ionis-
ation studies. Hurst and co-workers proceeded to détect atomic lithium
(20) which had been photodissociated from Lil vapour in a similar way
to the method used for the detection of caesium from CsI (13,15).

Lithium was ionised by three photons, two of which were resonant,
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Bekov and Letokhov, working in Russia, designed and developed a
sophisticated laser-based technique capable of trace element determ-
ination in natural objects (7,21,22). A solid or liquid sample is
placed in a collimated crucible, inside a graphite tube, under vacuum.
After evaporating to dryness, the crucible is heated, in temperature
increments of a few hundred degrees, and a beam of atoms emanates
which may be probed with tunable laser radiation. Resonant excitation
of the atomic vapour is followed by electric field ionisation of
Rydberg levels. A reference atomic beam, from an oven containing

the element under study, was also incorporated for fine tuning of the

laser system.

Aluminium in water, e,g. river samples, surface water from the
Mediterranean and pore water in Indian Ocean sediments, has been
detected (21) at the ',.Agl-1 level (= ppb). The sodium content of
CdS crystals and the sodium, aluminium and boron contents of high~
purity germanium were determined, as was aluminium in human blood (7).
Ruthenium in natural oceanic objects e,gZ. sediment, seawater and fish-

bones could be assayed at sub-ppm levels (22).

Bubidium has been studied and collisionally induced ionisation of
Rydberg levels was observed by Bushaw and Whitaker (23), who also
investigated hyperfine levels of xenon in a doppler-free enviromment
using counterpropagating lasers (24). At the same laboratory, a

device for routine anslysis of mercury in air was constructed (25).

The halogens too have received attention. Both chlorine and bromine

5

have been detected at around the 10° atom level by (two photon

resonant)/




resonant) three photon ionisation (26,27). In this work, the ionising
laser also served to pyrolyse simple, molecular precursors to produce
free halogen atoms, Although the lowest excited state of fluorine at
95.5 mm is well outside the range of commercial laser systema, reson-
ance ionisation using three 286 nm photons to achieve excitation has

proved feasible (28).

Not only atomic species can be detected by RIS: molecules too are
amenable to study provided they have energy levels suitable for
multi-photon ionisation. For example, as early as 1979, aniline
(CGHﬁN) was detected in laboratory air as a demonstration of the
feasibility of monitoring atmospheric pollutants by laser two-photon
ionisation (29). Since that time, a large number of molecules, ranging
from gimple diatomics to relatively complex organometallic species,
have been studied. For an overview of the work to date.in this area
of laser ionisation studies, the reader is referred to El-Sayed's

review article.(30).

RIS has been carried out in liquids as well, and two-photon ionisation
spectra of a number of organic solutes in n-pentane have now been
recorded (31). From these spectra, solvated phase ionisation
potentials of the dissolved species were determined which are
considerably lower than gas phase values, the difference being
attributed to the influence of the liquid medium on the photoionisation
process., Non-resonant detection of aromatic molecules in hexane using
a N, laser (N = 337 m) has been reported (32) with a view to
improving the sensitivity of the technique by incorporating a dye

laser to allow resonant ionisation.




VIII _Res Ionisation Mass Spectromet RIMS

The scope of an analytical instrument combining the elemental
selectivity of RIS with the mass selectivity of mass spectrometry
was realised in 1980 (33). In such a device, the non-selective
electron gun ioniser or themmal emission source of a conventional
mass spectrometer would be replaced by a laser which could be tuned
to ionise only a selected elemental or molecular species. For a
chosen element, as long as the laser bandwidth is broad enough to
ionise all isotopes with equal probazbility, the mass spectrum output
will accurately reflect the isotopic composition of the species in the

sample with which the laser is resonant.

RIMS (34) was first demonstrated with potassium (35). Using two
photon resonance ionisation ( A\ = 404.4 mm) in conjunction with

a quadrupole mass spectrometer tumned to alternately pass 39K and fgl{

19
atoms, an isotope ratio 331{ : :‘;K of 13.6 ¢ 1 was determined. This
agrees well with the ratio expected from natural abundance data of

13.5 ¢ 1.

It was thought that the RIS system used for this work could be
improved by the replacement of the gquadrupole mass spectrometer
with a time-of-flight (TOF) system. The principal advantage of the
TOF device is that ions of all masses are collected at each laser
pulse whereas the quadrupole is tuned to pass only a selected
mass/charge ratio at each pulse. Thus, variations in ionising laser
fluence are allowed for in the TOF system but may introduce errors

when a quadrupole mass spectrometer is used.
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Quadrupole systems, however, were successfully applied to the
detection of the noble gases Xe and Kr (38,36,37). Resonantly
ionised atoms were passed through a quadrupole mass filter and
implanted into a target medium. When all the atoms of interest had
been counted and implanted, residual gas in the spectrometer was
pumped out. By heating the target, implanted atoms were then
released for a second pass through the quadrupole. By such an
iterative process, isotope enrichment of the gas within the chamber
was possible. An atom buncher was also used to reduce counting time.
10° atoms of O'Er were detected in a sample containing 10'° - 1012

unlike atoms.

Donohue and Young, investigating mixtures of neodymium and samarium
(which are extremely difficult to separate by chemical means),
obtained 'clean', i,e. free from isobaric interference, mass spectra
for each element (39). Many transitions were observed for both
elements when the laser was tuned over the range 423 - 465 mm (40).
Nd and Sm have isotopes associated with nuclear waste so this work
demonstrated the possible suitability of RIMS for waste management
and monitoring. With similar applications in view, the same workers
turned their attention to the detection of plutonium (41). Isobaric
interference between 238y and 29321’11, and between 2415y ang 241

92 94 95
eliminated by tuning the laser to selectively ionise either uranium

Am was

or plutonium in mixtures (42). Resonant ionisation spectra of
several actinide elements were also obtained (43). A more detailed
discussion of the applications of RIS and RIMS in nuclear waste

monitoring is deferred to chapter 2.

Various/
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Various molecules have been studies by resonance ionisation mass
spectrometry. For example, Imbman and co-workers have distinguished
many compounds by monitoring the wavelength at which their parent
ions appear in the mass spectrum. Azulene and naphthalene have been

distinguished (C isomers) in a quadrupole system, and the effect

10H8
of laser fluence on fragmentation investigated (44). Using supersonic
beam techniques to depopulate rotational-vibrational levels and enhance
spectral purity, plus TOF mass spectrometry, the isomers of cresol
were observed separately (45) as were a mmber of disubstituted
benzenes (46). Aromatic molecules with different isotopes of chloxrine
and bromine as substituents could also be selectively ionised (47) and

detected by RIMS,

At the National Bureau of Standards, Washington, an instrument was
developed with the capacity for multielement detemmination: it could
detect a large selection of elements without need for any alteration
in the incident lasers or detection apparatus. The device incorporated
a tunable ultraviolet laser system (frequency doubled, Nd:YAG pumped
dye) and a megnetic sector mass spectrometer with thermal evaporation
source. Preliminary work on molybdemum, rhenium and vanadium (48) was
followed by the determination of eighteen, separately loaded elements
within the wavelength range of a single laser dye (292 - 304 mm) (49).
A mixed, milti-element sample containing seven species was also studied
and resonance ionisation spectra from 282 - 286.5 mm recorded for each
component. The iron content of samples of human blood serum and water
was ‘then determined (50), demonstrating the feasibility of applying
RIMS to some naturally occurring or envirormental samples. Modific-

ation of the thermal vaporisation source of the mass spectrometer,

allowing/
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allowing it to operate in a pulsed mode, was found to improve sample

utilisation efficiency by a factor of thirty (51).

More recently, RIMS of carbon was demonstrated with the instrument
(52). A detection limit of 107 atoms/ em’ was achieved using a
graphite~-coated trezted filament as the carbon vapour source and
(two photon resonant) three photon ionisation. The possibility of
improving the measurement of 140 in small samples and hence the
accuracy of 140 dating is an exciting prospect for RIMS if it ever

becomes routinely feasible.

It was shown by a group at Los Alamos, New Mexico, that lutetium
could be selectively detected in ytterbium (53). These elements are
very difficult to separate chemically. Tantalum was also studied
and the possibility of the use of continuous wave rather than pulsed
laser ionisation in RIMS suggested (54). Later, using the same
spectrometer as in the earlier work, the Lu/Yb measurements were
repeated with continuous wave laser radiation (55). Increased
selectivity and sensitivity were claimed and calculations indicated
that the larger number of atoms within the laser volume of continuous
wave systems more than compensated for the lower fluence of the beanm.
Continuous wave RIMS of barium has since been demonstrated (56) by

Bushaw, VWhitaker and Carmon.

The same group have also studied strontium by photon-burst spectroscopy
(58,57). This is a continuous wave laser based technique in which
atoms traversing the beam oscillate between the ground and an excited
state, emitting photons (via fluorescence) on each cycle and it is

particularly/
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particularly applicable where isotopically selective detection is

required but no mass spectrometer is available.

IX Anglysis of Refractory Solids by Resonance Ionisgtion
Spectroscopy

In order to extend the applicability of RIS to the analysis
of solids which are mpt susceptible to thermal atomisation, an
alternative means of vaporising material was required. The method
should produce gas phase atoms which accurately represent the comp-
osition of the solid. An established technique which fulfills this
criterion - secondary-ion mass sepctrometxy (SIMS) - uses an ion beanm
to sputter a plume from a solid surface into the vapour phase. In
SIS, the ions in the plume are then directed into a mass spectrometer
for analysis. However, it has been determined that neutral atoms by
far outmmber ions in the sputtered plume, i,e. by 10> (59). Using
RIS it would be possible to analyse the nsutral atom population by
traversing the sputtered plume with a tunable laser. If the sputter-
ing/ionisation apparatus were to be incorporated into a mass spectro-
meter, isotope sensitive, element selective analysis of refractory

solids becomes feasible.

RIS of sputtered material was first demonstrated at Pemnsylvania
State University in 1982 (60). A pulsed beam of Ar' ions directed,
at an angle, on to an indium surface, sputtered neutral In atoms into
the path of a mixed Nd:YAG / dye laser beam at 410.1 nm where they
were resonantly ionised. A quadrupole mass spectrometer detected the
lager induced ions but the secondary ions produced at the In surface

were excluded by time-gating the detector. Sensitivity far greater

than/
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than that achtevable by SIMS was predicted for the laser ionisation

method.

Hurst and co-workers at Atom Sciences Inc. also developed apparatus
for sputter—initiated resonance ionisation spectroscopy (SIRIS).
Their device employed a pulsed Arf ion gsource for sputtering material
from sample surfaces, a tunable Nd:YAG pumped dye laser to ionise the
sputtered neutrals, and a double focusing mass spectrometer to detect
the laser-generated ions (61,62,63). In initial tests, 1 part in 104
of Ga doped into Si was detected (61). Sensitivity was later improved
to the 0.5 and even 0.05 ppm level for the same type of substrate
(62,63). The Al and V contents of stainless steel standards were
determined to the ppm level; and In in Si was detected at even lower

concentration (63,62). A sensitivity of 1 part in 1012 for routine

analysis is proepected for the SIRIS equipment produced by Atom Sciences
(63,62).

Continmued work on In by Winograd and co-workers revealed a variation
in neutral/ion ratio in the sputtered plume when the In surface was

+
oxidised to In,0,, with In increasing at the expense of In® as oxygen

3
was added (64). The effects of various experimental factors, includ-
ing duty cycle, primary ion current, laser dimensions and positioning

on measured ionisation were studied in detail (59).

An alternative method of evaporating for RIS is laser ablation. Laser
ablation resonance ionisation spectroscopy (LARIS) has detected Na
impurities in Si at ~ 1 part in 1011 using a proportional counter,
i.e. without mass filtering (65). The Si sample was vaporised by an

incident/
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incident focused laser beam at 590 nm and Na atoms in the ablation
plume resonantly ionised. Laser ablation with resonant ionisation
and (time—of-flight) mass detection has been used to investigate
chromium in a stainless steel aample (66). All four stable isotopes
were observed, their ratios corresponding gquantitatively to relative
natural abundance data. Non-selective laser ionisation of the same
sample revealed considerable isobaric interference between the various
isotopes of iron, vanadium, cobalt and chromium presnt in the 50 - 59
amu mass region (66). This was not apparent in the resonant ionisation

spectrum,

Various other RIMS groups have also begun analysis of refractory
solids by RIS. Donohue's group have modified an existing ion micro-
probe mass analyser (wvith contimuous primary ion beam) and observed
signals from Sm and U metal samples embedded in plastic (67). Iubman
and Tembreull have used laser desorption in combination with their
supersonic beam/mass spectrometer apparatus; studying organic
compounds which are prone to decomposition when thermally evaporated
(68). Pulsed desorption has also been used to generate Ta atoms from
a pre-heated filament (69), a similar technique to that of Fassett
(51), except that a laser was used to generate spurts of atoms from

the filament instead of a pulsed applied current.

Surface analysis by non-resonant multiphoton ionisation has also
proved viable (70). SALI (surface analysis by laser ionisation) uses
a non-selective ultraviolet laser to ionise sputtered or desorbed
atoms. Although the technique suffers from isobaric interference, as
does conventional mass spectrometry, it does not require tunable

1asers/
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lasers and is suitable for rapid analyses. Impurities present in

a Cu standard at the ppm level were assayed by this method (70).

X __Surmary

Resonance ionisation spectroscopy and its variants RIMS and
SIRIS/LARIS have now been applied to a number of problems, most of
them analytical. Although by no means exhaustive, the foregoing
review hopes to illustrate some of the principal achievements of the
technique during its first decade. A table (Table 1) summarising
the elements studied (at the time of writing and to the knowledge

of the author) and ionisation schemos and laser wavelengths used,

follows.
TABLE 1
Elements and Suitable Ionisation Schemes
Element Ionisation Scheme * Wavelength(s) Reference
(nm,) %
. s . - + T
Lithium L15J1;Ué}Je_]Li LY1 6708 (20)
-1+
Carbon clww, W e e W, 287-0 (52)
, +
Fluorine Fluww, ,N1U1ejF W, 286 (28)
. = +
Sodium Na[1, 17, ,E6 ] Na 17 589-0 (8)
’LJ'Z 4180
£ >10+6 kV/cm.
T4+
Na[:U1,1J'2,7vfe-jNa W, 589:6 or 5890 (65)
W, 5688 or 5687

Aluminium/
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TABLE 1 (cont.)
Element Ionisation Scheme * wWavelength(s) Reference
(nm.) %
.. ..+
Aluminium Al[U,I,Uz, Ee]Al 7J1 396+15 (8)
U, 447-4
E 13 kV/cm.
- +
AlE)'1,Uze ]Al w ’ 3093 (62)
1, 61846
. = +
Chlorine ClEU17J1 ,1.)'1e:]c1 230 - 245 (27)
Potassium KE;1JI1ef]K+ 1f1 40444 (35)
Titanium Tifw, ,U1e-]Ti+ 292 - 304 (49)
Vanadium v, ,U1e—]\l+ 292 - 304 (49)
282 - 28645 (49)
VEJ1,w1e'j\l+ 15, 294+24 or 29432 (48)
=7 4+
VEI1,LJ’19-_]V U, 3184 (62)
. - +
Chromium f:r[:w1 W :]Cr 42544 (66)
W, 3080
= +
Iron FeELJ1,'IJ1e]Fe U, 28346 (50)
Fe 1)’1,1)'1e"]re+ 292 - 304 (49)
282 - 286+5 (49)
Cobalt COEJ,),'U:IB_]CD+ 292 - 304 (49)
282 - 286+5 (49)
Nickel NiELJ1 ,U13"]Ni+ 292 - 304 (49)
282 ~ 28645 (49)
- +
Gallium GaEJ' S W e ]Ga W, 287¢5 (61)
1972 1
| W, 5750
Bromine BrEIJ1'LJ'1 ,U1e-]Br+ 240 - 285 (26)

Kryp ton/




18

TABLE 1 (cont.)
Element Ionisation Scheme * wavelength(s) Reference
(nm.) ¥
Krypton Kr[l.r1 ,Uz,v3e‘]Kr+ 5, 1165 (37)
AZEP 5581
15 5 10640
Rubidium RbE.T1,'Lf2,collision e'ij* 1w, 780 (23)
W, 478 - 516
maE.r1 ,vze':mf U, 42145 or 420-2 (71)
v, 694:3
Strontium SrEJ'1 ,'l.f,‘eiSr+ 292 - 304 (49)
Yttrium YW, e v 292 - 304 (49)
Zirconium Zr[-;w1 ,U1e_: et 292 - 304 (49)
Molybdenum Mo |2, 7, e': mo” 292 - 304 (49)
Mo| W, ,U1e-_ll"lo+ W, 31326 (48)
Ruthenium Ru LZI,UZ,US,EE—]RU+ 1, 392:59 (22)
1w, 63305
W, 5673
£E< 10 kV/cm.,
Indium InE\Y1,1):‘e—]In+ 292 - 304 (49)
In 7J1,7J1e”:]1n+ W, 41041 (64)
InEJ,I ,Uze":lxn+ 2, 303-8 (60)
w, 607:7
Xenon xe[UU, e |xe’ 1, 25602 (24)
Xe[:LI1U1,'lJ1e—]Xe+ 1, 252+6 or 2496 (36)
Xe[?akﬂ,lzef]Xe+ 1I1 252 (73)
b, 504
Caesium CSEJ1 W, e-:ICs+ 1, 455:5 (11)
Barium Ba EJ1 ,Uz,U3e—]Ba+ (56)

Neodymium/
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TABLE 1 (cont,)
Element Ionisation Scheme * Wavelength(s) Reference
(Am.) %
Neodymium various 423 — 463 (40)
NdEJ1 ,1r1e"]rud+ U, 42548 (39)
Samarium various 423 —~ 463 (40)
Sm[w1 ,U1e"]s:n" U, 429+9 (39)
Sm[_iy1 W, W e |sn” 580 - 607 (67)
Dysprosium Dy[?a;waef]Dy+ 292 - 304 (49)
Erbium Er[U1 W, e_]Er+ 292 - 304 (49)
Ytterbium YbEJ1,U2,U3,Ee_:IYb+ W, 5556 (14)
w, 67996
W, 5950 - 577-0
E 14 kV/cm,
Lutetium Lu]__w1 ,U1e-:]Lu+ 292 - 304 (49)
282 - 286+5 (49)
LUEJ1 ,U1e']Lu+ 1, 452 (53)
Haf nium HFEJ1 ,U1e-ij+ 292 - 304 (49)
Tantalum TaELJ’1 ,1J1e":]Ta+ 292 - 304 (49)
TaEU1U1 ,Lqe"]Ta* W, 454:92 (69)
Rhenium Re[U1 ,1718-]Re+ 292 - 304 (49)
Re U1,U1e-]Re+ , 299236 (48)
Mercury Ht_;[-_Z-J,l ,UZ,UZB-]HQ+ U,' 253473 (25)
U, 435:95
Lead b|W, ,‘U1e":]pb+ 282 - 2B6+5 (49)
Thorium Th[:u1 ,U1e']Th* 292 - 304 (49)
various 580 - 607 (43)

Uranium/




Nepcunium

Plutonium

Americium

U U e Iyt

Uy, ,W,,We U
=1+
Ulﬁ}ﬁﬂ%eju

R ‘] *
UH 9" U

wu f].*
U[ 1 1JJ1e u
various

o+
Pu U1 ,‘LJ,‘ e ]Pu

= +

MJE%,lﬂ,Laej]Pu
= +

PUEJ1U1 ,U1e ]Pu
e

Pu UH;UQ;UBE.]PU

various

various

TABLE 1 {cont.)
Element Ionisation Scheme * Wavelength(s) Reference
(nm.) %
Uranium U LH,L%ef]U+ 292 - 304 (49)
282 - 2B6°+5 (49)
various 580 - 607 (43)

w 591+54 or 596+92 (67)

1

U, 591-54
W, 591-5
W, s85
580 - 607
U, 4310
430 - 450
1J1 58804
W, 595
W, 586
W, 688
W, 578
580 - 607
580 - 607

(42)
(72)
(73)
(43)
(41)
(41)
(42)
(73)

(74)

(43)

(43)

# for an explanation of the notation used see reference (75).

* where a range is given, several multiphoton transitions

*# Cl lasers used.

were observed within the quoted region.

In concluding this section, it is interesting to compare the sensitivity

of RIS with those of existing, currently used analytical techniques.

This is presented in Table 2 (which is taken from references 7 and 8).




Comparison of Various Analytical Techniques

TABLE 2
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Method Detection Limit % | Detection Limit % | Selectivity
#(Calibrated *(Real Samples) for
Solutions) Elements
Atomic Absorption
Spectrometry ‘IO"4 - 10_9 10-4 - 10-7 moderate
Neutron Activation
Analysis 1072 = 107 107 - 1077 moderate
Spark Mass
Spectrometry 107 - 1078 1072 = 1077 high
Laser Fluorescence
-6 -1 - -8
Spectrometry 10 - 10 ! 10 2 . 10 high
Laser Stepwise
Photo-ionisation
- - -8 -
Spectrometry (RIS) 10~11 - 10”14 10> - 107 ultrahigh

* detection limits achieved for calibrated solutions

are measurements carried out under near-ideal conditions,

Measure-

ments in real samples may suffer from a variety of matrix effects

or from interference, reducing sensitivity.
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The detection limits of RIS are up to three orders of magnitude lower
than those of any other analytical technique, and it has the greatest
element al seleotivity. Thus, RIS is amenable to widespread applic-

ation wherever extreme sensitivity and selectivity is required.

1-3 _ Theory

I Multiphoton Ionisgtion

The simplest form of multiphoton ionisation - two photon
ionisation - involves the absorption of two guanta of light by a
single atom, promoting it from a ground state to the continuum. Two

photon resonant ionisation is shown in Figure 1.31 and described below.

A photon from an intense light source, i.e. a pulsed laser beam, is
tuned to exactly the correct wavelength to raise an atom from an

initial state O to an excited state 1: i.e.

hw: E‘]—' E‘O 1

where h is Planck's constant,
w 1is the frequency of the laser,
E, 1is the energy of state 1, and
E. 1is the energy of state O.
A second photon from the same laser pulse can photoionise the atom

in state 1 since
hu’ > E‘C__— E1 2

where Ec is the energy of the ionisation threshold

i,e. the ionisation potential of the atom in the laser beam.
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FIG.1-31: TWO PHOTON RESONANCE IONISATION.
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During the laser pulse an equilibrium is set up in which the rate
of stimulated emission from state 1 to state 0 0y equals the rate
of production of state 1 by absorption 0y . (In actuality, only a
quasi-equilibrium is established because the population of state 2
is contimuously depleted by ionisation.) Ionisation of state 1
occurs more slowly than transitions between states O and 1. Typical

- 12 2
cross sections are, for excitation, OyarmarroN ~ 10711 _ 10 em,

e T 18 2
and for ionisation, O°[geimroy =10 = =~ 10 em” (7).

Saturation is a term given to the condition where all atoms within
the laser beam of the correct type to energy match with the laser
photons are converted to ion pairs during the light pulse. Since
the cross section for ionisation is much smaller than that for
excitation, more incident laser power is required to saturate the
ionising tramsition than the bound-bound transition., However, with
commercially available pulsed lasers, both excitation and ionisation

stages of the resonance ionisation process may be saturated.

I1 _Saturation Conditions

To resonantly ionise all state O atoms within the laser
volume, the laser power and the atomic cross sections for excitation

and ionisation must fulfill a number of driteria.

Firstly, the laser fluence, i.,e. no. of photons per unit area of
beam multiplied by the ionisation cross section, must be substantially

greater than unity, i,e. the fluence condition is

-1 O rontsarion > |

where ;f is the fluence.
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Secondly, the laser flux, i,e. number of photons per unit area of
beam per unit time, must be large enough to compensate for the rate
at which the intermediate level 1 can be destroyed by processes
such as collisions, which de-excite atoms in state 1 to non-photo-

ionisable species.

The flux condition is

4
O axCITATION § > — 4

where ?'2_ is the flux, and

T ig the mean lifetime of state 1.

From equation 4 it is obvious that the flux condition is easier to
satisfy if the intermediate level chosen for resonance ionisation

is of long lifetime. Therefore, resonance ionisation through a real
excited state (¥ fv10_8 s) is generally easier to saturate than

-1
resonance ionisation via a virtual state (% ~ 10 2 s).

It can be shown that the flux and fluence conditions must be fulfilled
for saturation to occur, as follows:-

For the scheme shown in Figure 1.31, the rates of change of

the populations of states 0, 1 and C are given by




25

where No, N1 and NI are the numbers of atoms in states 0, 1
and C respectively,
$ is the flux,
% is the stimulated absorption cross section
(state 0 —> state 1),
o1 is the ionisation cross section

(state 1 —> continuum),

W is the spontaneous emission cross section of state 1;

and assuming i) 0 = o
where o-'S is the stimlated emission cross section

(state 1 —> state 0),
ii) deactivation of state 1 leads only to state O;

adding equations 5 and 6,

dNo dN1

= - - N.o 8
at at Bt

differentiating equation 6 w.r.t. time, and using equation 8,

a2y aN 1 an A
R e il Y BN e
at at W at dt at
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So d?‘N dN
— 1 i I R 2 _
>+ (2°'A+°'I)§+1; + o-"oii N, = 0
dt dt
1
Let (20’A + oa:) § +o— = D _9
2 2
and o'Ao»iE = W 10
a%n an
— s = w2N1 =0 11
it dt
If N, is of the form e'-At , then l.\I1 = -)\e-%t and 'I\i1 =\ Qe-'}‘t
and equation 11 becomes
A2 - N o+ WP =0

This is a2 quadratic in '>\ , and the roots are given by

b + /4% = 4w’

A o=
2
31 =b-\/b2-w2 )2=b+ 'b2-w2 12 (a,db)
N, = a0+ b2 - W )t + pe-(b- b2 - W )t
where A and B are constants
A = =B s:i.nceN,I = 0 att=0
so N, = AE:‘)"*' - e'Q‘z{l 13

. Putting equation 13 into equation 6 (to find A)

AE—')\,le-)‘\t + ')\2e—‘>‘7-t]

= Yo d ¢ N{-%-ﬂ-ﬁ]
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when t = 0, e")\t-_w and N, =0
A[%Q-RJ]
o P

where NO(O) is the population of state 0 at t = 0

N,(0) =

§,(0) o7 §

and equation 13 beconmes

v L %9 E;A.t i e-ht]
BN EYEEY

Now, assuming state 1 is real, and that the laser is tuned to »esonance

— 14

with it,

% » I

Equation 9 may be simplified to
1

2b=20£§+";€

___=> b2 > w2 _-—_-> A2 PO )\1 from equations 9,10,12a
and 12b

So equation 14 simplifies to

¥ - No(:”ﬁ [+] s
2
) 1
Since ‘k2%2b';\\;201§+—£-
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To test whether the flux and fluence conditions (equations 4 and 3)
are necessary for saturation, they will be used to calculate NI(T) ,
the mmber of atoms ionised within the duration of a rectangular
laser pulse of duration T. Assuming the flux condition, equation 16

becomes
n, = %) [e-;\‘t] 17
2

From equation 12a

w2 %
Ay = b=p(1-—%5)
w2 2 2
=b-b(1-%—2—) assuming b >> w
2
e __ %%}
= % N = z
201} + =
. o7 b
. ?\1 = again assuming the flux condition.,
2

From equation 7

T
Ny = d‘IEd N,
0
T §_(0)
= o E -0 - [ e )'t] from equation 17
\JO 2
. ~ T
= o'IE NO(O) - 1 e'%'{l
: 2 | )[ 0
N() [ 1 1
0 -AT -0
= O’I§ ) - Al e + —;—l-e )
v(o) [ 1 1
= 0 - _AIT il
C'IE 5 o e +?\J




Assuming the fluence condition

7\11' > 1 18 *

_ o %)
I 22,
2 o § 5,(0)

2041}

N,(0)

i,e. where equations 3 and 4 are valid, all atoms in the ‘beam are

ionised during the laser pulse, which is the definition of saturation.

Taking typical values of 10-17 - 10718 42

R
[

2R 8
n
3
o

= 10 s
1
From the flux condition § o > 3

The onset of saturation of the excitation step of two photon resonance

ionisation occurs when > ‘101,1 - 10'2 pho‘l:ons/cm2
Since the number of photons in 1J = 5 x 10" x )\ (in mm),
saturation occurs when £ Y 4.4 -0.44 nJ/mm2 .

* N.B. Bquation 18 is a form of the fluence condition, since:
A ;T2
1o }T > 1
I
og /( > 1 (the more usual form of the fluence condition)

where }5 is the fluence

and ;(:}'T
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From the fluence condition g op > 1
The onset of saturation of the ionisation step occurs when

4> 10'7 = 10"® photons/cm?

i.e. vhen £ > 4.4 -0.44 mJ/xmn2 .
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III _Resongnce Ionisation Spectroscopy of the Klements

Two photon resonance ionisation is not the only possible way
in which laser photons may be tuned to detect atoms. Due to the
spacing of their atomic levels many ground state elements are not
amenable to detection with this scheme; the energy of two photons
from within the wavelength range of currently available dye lasers
being insufficient to achieve ionisation, or the intermediate level
being beyond that which would be accessible with a single photon.
Five basic RIS schemes are envisaged by Hurst (2). By the use of
these, all of the elements in the periodic table except helium and
neon may be resonantly ionised. The notation used to describe the

schemes (75) is as follows:

[—— ]

ATORM EXCITATION IONISATION POSITIVE
STEP(S) STEP ATOM

e.g. for the caesium experiments discussed earlier (11,12,13,15,16,17,
N, +

18) the element was ionised using a Cs[;%,Lﬁej]Cs process, i,e.

caesium atoms were excited by a resonant photon of frequency Ly, and

ionised by a second 1y, photon generating a free electron e and a

+
positive Cs ion.

The five RIS schemes are shown in Figure 1.32. Scheme one is two
photon resonance ionisation as already discussed and illustrated in
Figures 1.11 and 1.31. In scheme two, in order to reach the excited
state, 15, is frequency doubled (76) to 2ws5, . Ionisation is completed
by photons of the fundamental beam at frequency 15, . Scheme three is

three/
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three photon ionisation (two photon resonant, one photon ionisation).
The first laser, W, , promotes the atom to an excited state where it
is then raised to a second, higher-lying excited state by absorption
of a photon from a different coloured laser wj. Ionisation is
completed by a third photon which may be of either frequency W, or
Wy « Scheme four is much like scheme three with the exception of
the transition to the first excited state which requires a frequency-
doubled laser., In schemes one and two time coincidence of the photons
required for the various transitions is guaranteed automatically.
However, for schemes three and four, space and time synchronisation
of more than one laser may lead to experimental difficulties. Scheme
five is unique in that the excited level is reached by meams of a two
photon transition via a virtual intemmediate state. Although satur-
ation is more difficult to achieve due to the short lifetime of the
virtual level, ionisation via such a level is useful in that it is
possible to reach real states for which single-photon transition from

the ground state are forbidden, by two photon processes.

Hurst has proposed suitable ionisation schemes for nearly all of the
elements (2). These were selected on the basis of the spacing of the
element's energy levels, on which type of transitions (one or two
photon) are allowed between them, and on the energies of the first
excited state and the continuum. The preferred schemes are shown in
Figure 1.33, @ith the symbol for the element in the upper left and
the RIS scheme in the lower right. Where uncertainty in the positions
of the atomic levels exists, a possible scheme is denoted with a
question mark., Twenty three elements are amenable to scheme one

resonance/
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resonance ionisation and twenty five to scheme two. With two-laser

schemes (three to five), most other elements may be ionised.

IV __ Non-Laser Ionisgtion-Step Schemes

The use of high laser fluence,such as is necessary to saturate
resonance ionisation processes has its associated problems. Firstly,
spectral transitions studied may be broadened and resolution lost and,
more importantly, background ionisation resulting from low ionisation
potential impurities within the detector system may be enhanced,
limiting sensitivity. Since it is normally the bound~continuum
transition which requires, by orders of magnitude, the highest laser
fluence for saturation; the replacement of the laser for the ionis-
ation step by a process vhich does not involve photons would be
desirable. The laser would still be used to excite the atom, but,
as saturation of bound-bound transitions can be achieved at lover
fluence, background enhancememt would thus be minimised. Suitable

methods for non~laser ionisation-step RIS are shown in Figure 1.34.

The atom is promoted to a high lying excited level i.e. a Rydberg
state R by the usual means. Ionisation is then induced either by

an electric field E of ~ 10 - 14 kV/em (as in method a), or by various
collisional processes. Associative ionisation involving either
another similar atom A (method b) or a dissimilar, counter gas atom

B (method ¢) produces molecular ions A+2 and AB+ respectively.

Counter gas may also act as a catalyst, as shown in method 4.

Penning ionisation, as proposed for RISA (19), could also be used

(method e)/
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(method e) with molecular additives M (which may be counter gas)
generating electrons for detection and returning the excited atom
to its ground state. Where M has high electron affinity chemi-
ionisation (method f) is possible. On collision an electron is
transferred from the excited atom to the molecular additive,
generating A" and M”. Both methods a and b were successfully
exploited in the early years of RIS (14,10), and a collisional

method (possibly ¢ or d) was used for the ionisation of rubidium

by Whitaker and Bushaw (23).
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CHAPTER 2 AN APPLICATION OF RESONANCE IONISATION SPECTROSCOPY

IN NUCLEAR GEOCHEMISTRY

2=1  Introduction

The generation of electricity from nuclear reactors is
increasing (77) and with it concern both within the nuclear
- industry and amongst the general public over the problems of radio-
active waste management and disposal. The recent incident at the
Chernobyl nuclear power reactor in the U.S.5.R., has further high-
lighted the need for swift, isotope-selective and quantitative
analysis of envirommental gamples in order to accurately assess the

magnitude of reactor accidents.

Resonance ionisation spectroscopy is relevant to these problems as
it represents a swift and extremely sensitivé method of counting
atoms, Hence, potentially, it offers both rapid accident assessment
and, during normal reactor operation, a means for environmental
monitoring of those isotopes eluted by nuclear establishments which
are difficult to détect by conventional radiometric techniques, e.g.

the low-energy A emitting nuclides.

2-=2 Nuclear Reactor Technology

In any commercial power station, whether oil-, coal- or
nuclear-fired, heat is used to generate steam which turns turbines
generating electricity. In a muclear reactor, the source of heat
is the thermal fission of 235U. The reaction may be expressed as

92
follows/
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follows:-

8:£- z)nthemal + 233“ _‘;;';Ba + §§Kr +3 :)nfast — 1
A neutron at thermal energies (i.e. with the same order of magnitude
of energy as atoms at room temperature) collides with a uranium
micleus which flies apart to produce fission products, releasing
heat and more, higher energy, neutrons. The fast neutrons may induce
a variety of further reactions, as is discussed in section 2-3 of
this chapter, but, for a stable chain reaction to be maintained, one

neutron from each fission must be slowed to thermal energies and

collide with another fissile actinide mucleus.

A schematic diagram of a thermal reactor is shown in Figure 2.21,

A detail of the core appears as Figure 2.22. Fuel pellets stacked
into rods are packed together and surrounded by a cladding material
which prevents eacape of fission products from the fuel to the
primary coolant which is circulated through the core and carries
heat to external heat exchangers. The fuel assemblies are suspended
within the moderator - a low atomic mass material, of‘ten graphite,
which can interact with fast neutrons to produce thermal neutrons.
Control rods are also suspended within the core. These are composed
of materials such as Cd or B which have high neutron affinity
(thermal neutron capture cross section). The rods are movable, can
be pushed further into or withdrawn from the core, and serve two
main purposes. In normal operation, they regulate and maintain a
stable level of criticality within the reactor and, should an

emergency shutdown be necessary, they can be dropped into the core

- quenching/
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- quenching the fission chain reaction. The heat exchanger or boiler
may be within or outside the reactor contaimment shield. The primary
coolant transfers heat to a secondary coolant (often HZO) vhich drives
the turbines, generating electricity. The secondary coolant may be
recondensed and allowed to recirculate through the boiler or may be
discharged into rivers or the sea - a process facilitated by the

tendency of power stations to be situated in coastal sites.

In the United Kingdom the majority of currently operating power
reactors are of two types - the Magnox type and the Advanced Gas-
cooled Reactor (AGR). See Figure 2.23 for a map of their distribution.
The sites at Hunterston, Hinkley Point and Dungeness have both types
of reactor. The Dounreay and Winfrith sites house prototype reactors:
the prototype fast reactor, which uses plutonium fuel, is at

Dounreay, and a steam—generating heavy water reactor, which has been

connected to the national grid, is situated at Winfrith.

Schematic diagrams of both Magnox and AGR are shown in Figure 2.24.
Both are graphite moderated and use 002 as the primary and HZO as

the secondary coolant. In the Magnox reactor uranium metal (232'0
0.T% natural abundance) serves as fuel and this is clad in a magnesium
alloy (Magnox) which has low affinity for neutrons. The steam
generator is situated outside the confinement shield of the reactor.

2
and the cladding is stainless steel. This type of core arrangement

In the AGR, the fuel is enriched (zggu 2.5%) uranium dioxide UO

allows the reactor to operate at higher temperature, with increased
coolant pressure and with increased efficiency. The core is also
physically smaller than in the Magnox reactor. The design parameters

are compared in Table 3, below.
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Reactor Characteristics (77)
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MAGNOX AGR
FUEL Uranium Metal U02
(0.7% 2320) (2.5% 2330)
CLADDING Magnox alloy Stainless Steel
MODERATOR Graphite Graphite
PRIMARY COOLANT 002 Cco >
COOLANT OUTLET
TEMPERATURE * 400°C 650°C
COOLANT PRESSURE * 300 psi 600 psi
STEAM CYCLE
EFFICIENCY * 21% 42%
CORE DIMENSIONS * 14 m. diam. 9.1 m. diam,
x 8 m, high x 8.5 m. high

* Data for a reactor of 600 MW size
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2-3 Nuclear Waste and Waste Management

Radioactive waste materials, although created principally at
the site of a nuclear power ®eactor, are not necessarily released
to the enviromment in that location. Radionuclides may escape or
be released in various physical foms - as solids, liquids or gases
~ both on site and at reprocessing. It is convenient to consider
the production of radiomuclides in a reactor as occurring via two

processes - fission and neutron activation.

Figsion products include both the nuclides formed directly during
fission and their decay daughters. Being neutron rich, fission
products tend to decay by 2 ~ emission. Typically, they undergo a
number of radioactive B ~ decays -~ a decay chain - ending with the
formation of stable isotopes. Not all pairs of fission products
occur with equal probability: +the formation of unequal masses is
more likely than the formation of equal masses. The most probable
235

products from the fission of a 92U micleus are of atomic mass

around 95 and 135 amu (78). See Figure 2.31.

Neutron activation occurs when a stable atom absorbs a neutron.
The product is (usually) a radioactive atom of the same element and

a gamma ray is also emitted.

1 59 60
a8 (Pyoiman + 2700 —> polo + 4 20

Neutron activation products are manifold since any part of the
reactor exposed to neutron flux may activate, and since chemical

elements present only as impurities in the reactor materials may
have/
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have large neutron capture cross sections.

Figure 2.32 is a diagram showing how neutrons are distributed in a
thermal reactor. One hundred fission events generate around two
hundred and sixty neutrons. One hundred of these (38.6%) are
absorbed by fuel but do not bring about fission. These neutron
activations lead to higher actinides and their decay products, of
particular importance being zgzPu , a fissile material generated

238

from the fertile U nuclei by a process known as breeding:

92
238y , 1 259y BT 239, _B. 259
92" * o"thérmal  ~ 92 23.5 mn.; 9% P 235 d> Y —

A further 22.8% of the neutrons are absorbed by fission products or
by the structural components of the reactor. The remaining hundred
neutrons give rise to a further round of fission events. The majority
of fissioning muclei are QSZU but a significant mmber are the ngPu

2
nuclei produced by neutron activation. 4 small number of ;SU miclei
also undergo fission due to interaction with fast, ummoderated

neutrons.

To explain the modes and loecations of discharge of the nuclides
formed in reactors it is necessary to refer to the nuclear fuel
cycle shown in Figure 2.33 (79). Uranium ore is processed, enriched
(if necessary) and fabricated into fuel elements. Waste arising in
these stages of the cycle is principally composed of naturally
occurring uranium isotopes and their natural sexries decay products
(80). The waste is buried if solid and diluted and dispersed into

seawater if liquid.
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During reactor operation, fission products and higher actinides are
produced within the fuel. Minor quantities of these escape, through
defects in the cladding, to the primary coolant. The constituents
of the reactor core (including coolant) also become radiocactive by
neutron activation., Small amounts of primary coolant activity may
then pass to the secondary coolant (i.,e. seawater or fresh water)

if there are defects in the heat exchanger. However, the majority
of the radiocactivity produced in the structure of the reactor,
excluding fuel elements which are reprocessed, does not constitute

a waste management problem until decommissioning.

Spent fuel elements withdrawn from the core are stored in large tanks
of water for several months to allow short-lived nuclides present to
decay before transportation to the reprocessing site. The water in
these ponds becomes contaminated with radioactivity due to cladding

defects,

At the reprocessing plant, cladding is stripped or dissolved from
the fuel element and the fuel itself dissolved in nitric acid (HNOg).
Gageous radionuclides may be liberated from both materials during
this phase of processing. Uranium and plutonium are next extracted,
leaving a highly radiocactive liquid containing fission products and
transuranics other than plutonium. Purification of the extracted
actinides leads to further liquid waste - some contaminated with
plutonivm which is hazardous both due to its radioactivity and to
its extreme toxicity. Reclaimed uranium is fabricated into new fuel

elements and the plutonium may be used to fuel fast reactors. Figure

2.33/
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2.33 also shows the volumes of these materials relevant to one year's

operation of a thermal reactor of 1 GW capacity.

Nuclear waste is designated as low, intermediate or high level
depending on the activity present. These definitions are somewhat

arbitrary, however, and should be considered approximate only.

Low level solid wasteq e.g. miscellaneous scraps of paper, cloth or
metal from laboratories, is either buried in designated disposal
sites such as that at Drigg near Windscale, or is cast in cement

inside steel drums and dumped on the ocean floor.

Intermediate level solid waste is, where possible, treated so that

the bulk of the material becomes low level waste. The concentrated
remainder is compacted and packaged for storage until a disposal
method for this level of waste is agreed between the government and
the nuclear authorities, Fuel cladding is also compacted and embedded

for storage in an inert matwix such as glass or concrete.

Low level liquid waste consists mainly of low activity effluent
streams from reprocessing plants, water from fuel storage ponds, and
contaminated secondary coolant from nuclear power stations. The
waste is normally treated by e.g. filtration or ion exchange before
discharge. It is discharged to the sea or to estuaries by power
stations, except for the Trawsfynydd reactor which releases effluent
into a freshwater lake. The Sellafield (previously known as
Windscale) reprocessing plant in Cumbria discharges waste 2 km. off-

shore/
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shore via a pipeline.

High activity liquid waste (the solution remaining after extraction
of uranium and plutonium from spent fuel), like the intermediate
level solid waste, is consigned to storage since no agreement over
the best mode of disposal has been reached. A particular difficulty
in dealing with high level waste ig its associated high heat output.
Current proposals for disposal of this material involve a phase of
liquid storage during which some nuclides will decay and the heat
output will drop, followed by packaging in solid form. The solid
waste may require a further cooling period, possibly in an underground
repository, before final disposal either by deep burial within stable
geological formations on land, on the ocean floor, or within deep

ocean sediments (81).

Strict government control is exerted over the amount of radiocactivity
released by the nuclear industry. Discharge limits are set in order
that the exposure of critical groups (sections of the population most
at risk from the radiation released) be well below the dose limits
recommended by the International Commission on Radiological Protection
(ICRP) (82). Emphasis is also given to the principle that all
exposures should be kept 4s Low As Reasonably Achievable (ALARA).

No level of radiation exposure is considered to carry zero risk.

Monitoring is carried out by nuclear installations as a condition of
their obtaining a licence (an Authorisation) to release radioactive
wastes. Discharges are also kept under review by the Ministry of

Agriculture/
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Agriculture, Fisheries and Food (Directorate of Fisheries Research)
vhich publishes independent surveys of activity in the aquatic

enviromment arising from all sources of radioactive waste within

the United Kingdom (83).

Evidence exists, however, which suggests that improvements in waste

monitoring would be advantageous. For example, over sixty nuclides
| were identified in work carried out in 1959 on low level reactor
effluent (84), but significantly fewer are subject to individual
limits or separately assayed by nuclear installations. The most
extensive effluent monitoring carried out by a British nuclear
ingtallation occurs at Sellafield reprocessing plant in Cumbria,
where around thirty nuclides are assayed and reported (85). The
remaining nuclides are discharged under "umbrella" headings of
gross o and gross B~ activity. Gross beta counting (86) of solid
samples precipitated from waste streams is an unreliable technique
since the detection efficiency varies with the energy of the emitted
s particle. In particular, the low energy p  emitters (whose
activity is mostly absorbed within the thickness of the sample) are
poorly assayed by this method. Consequently little is known of the
volumes of these nuclides discharged or of their behaviour once in
the enviromment, and possible critical pathways (i.e. ways of
returning to man).

A further criticism of current waste management philosophy is that
it makes no allowance for the formation of new nuclides, via radio-

active decay, once the waste is discharged. Particularly hazardous

is/
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is the possibility of forming, in the environment, a highly radio-
toxic daughter from a relatively innocuous parent. For example,
discharge of alpha activity from the Sellafield reprocessing plant
is highly restricted, but discharge of zglPu, a low-energy beta
emitter, is unrestricted despite the fact that 231Pu produces the

alpha emitters 241Am and 237Np , as shown below:

95 93
e e
14.7 y. 433 y. 10 y.

241
95

resulting from decay of plutonium was present in the Irish Sea close

In 1981 it was calculated that a Anm activity of ~ 22.2 TBq

to the Sellafield pipeline. This value is three times the zg%Am
activity reported for that year's effluent (87). The same workers
also suggested that all americium and a significant proportion of

the plutonium discharged was retained in sediment close to the release

site and not dispersed in the ocean. Thus americium levels were not

only enhanced (by zglPu decay), but were also localised. ZS;Am
detected in the dispersal plume from the Sellafield plant was attrib-
241

uted to decay of the soluble, i,e. conserved fraction of 94Pu.

Under the terms of the Authorisation for radioactive waste discharge

from Sellafield, only three nuclides are required to be measured

individually - zgsr ’ 1ZiRu , and 1;3

the number of nuclides reported by British Nuclear Fuels in their

Ce . However, over the years,

anmmual report on the plant's releases has increased as methods for
assaying nuclides "not subject to separate limits within the temms
of the Pipeline Authorisation" have been developed. It is interest-

ing to speculate both on how much of the nuclides now assayable have
been/
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been discharged in the past, undetected, and on how much of those
isotopes for which reliable monitoring techniques do not, yet,

exist are currently discharged. At the Hanford reactor in the U.S.A.,
nuclide specific monitoring techniques were introduced in 1960,
replacing gross ;f'analysis. In that year, prediction of the total
A~ discharge based on gross 8 counting methods was 3440 TBq/y.
However, individual nuclide assessment measured 11,800 TBq/y. of

Ter | 962 TBg/y. of 2;§Np , 518 TBq/y. of gan and 2,290 TBg/y.
of 2°P (88).

A further area of concern is the corwrect identification of critical
groups and critical pathways by which radioactivity discharged to

the envirorment may return to man's environs and pose a radiological
hazard, Just as zggAm was retained on sediment close to the

Windscale pipeline and not dispersed in the ocean as predicted (87),
so other environmental materials may, via selective uptake or expected
transfer processes, constitute unpredictable hazards to mankind.
Examples of critical pathways of this type include the ingestion of
122Ru from the Sellafield plant via seaweed consumption and external

irradiation sustained by fishermen working near Dounreay caused by

radioisotopes adhering to fishing nets (89).

It is evident, then, that more reliable means to assay nuclides
present in low level waste and study of their behaviour in the
envirorment is extremely important if radiological hazards associated
with the Nuclear Industry are to be accurately assessed. Nuclide

assay by resonance ionisation spectroscopy is proposed as a way of

overcoming/
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overcoming the inherent difficulty of detecting low-energy radio-
nuclides - both in waste and in the enviromment -~ by conventional

radiometric means.

2-4 _The Application of RIS to Wagte Management

Conventional types of radiatdon detectors may be subdivided
into three main categories - gas-ionisation detectors, e.g.
ionisation chambers, proportional counters, and Geiger-Miller
counters; semiconductor devices, e.g. Ge(Li) and Si(Li); and
scintillation counters, e.g. NaI(Tl) (90). A common feature of all
these devices is that their operation is based on the observation
of radioactive decay events, and their sensitivity is limited by
the efficiency with vhich particles or photons emitted during these
events can be detected. The number of atoms present of the isotope

of interest is not measured directly but is inferred from the

relationship
A =NA —_—23
vhere A = activity (in Baq),
N = the number of parent atoms,
and A = the decay constant.

Decay constant and half life (t%) of a miclide are related by

24

0.69
A=

g
For nuclides of long half life activity is low and long counting

times are required to assay such species by conventional methods.

Low/
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Low activity nuclides which are also of the type whose decay energy
is difficult to detect, e.g. low-energyzp— emitters, cannot be

assessed with any certainty even with long counting times.

A number of resonance ionisation spectroscopy based technigues have
been proposed for radionuclide assay which do not rely on the
detection of decay events alone. These include decay-daughter

| coincidence counting (33), direct counting of parent atoms, and
delayed counting of the daughter atoms as they accumilate (5). The
processes are illustrated in Figure 2.41 as is conventional decay

counting.

Direct parent atom counting is particularly applicable to measure=
ments on vexry low activity samples. An element-specific laser pulse
ionises all atoms of the chosen radioactive parent present in the
sample and the pulse of electrons or positive ions is measured in a
suitable detector. In decay-daughter coincidence counting, the
detection of a radioactive decay by a conventional technique triggers
a laser pre-tuned to resonantly ionise atoms of the daughter species.
Only real i.e. non-background events produce a response from both
the radiation detector and the laser-based apparatus, and background
count rate may be reduced by, at least, a factor of 10"4 (33). The
technique was demonstrated in 1978 (18) when caesium atoms were
detected in coincidence with their production by the spontaneous
fission of zgng . Delayed daughter counting also involved laser-
ionisation of daughter isotopes, but not in time coincidence with
their production. The daughter species is allowed to accumilate and
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its population monitored by periodically firing (or sweeping) the
laser beam through the detection chamber. The experiment can be
arranged either a) so that each atom is only registered once and then
implanted on to the surface of the detector, or b) so that, once ion-
ised the atom is neutralised and allowed to re-enter the laser volume.
The latter method - resonance ionisation spectroscopy with amplific-
ation (RISA) (19) is particularly attractive for detection or study

" of small populations of atoms, e,g. the small number of daughter

species produced by a long half life parent.

The combination of the single atom detection capability of RIS type
techniques (11,14) with mass spectrometry presents the possibility

of an isotopically selective, extremely sensitive analytical technique
(33). Although, in practice, the ultimate sensitivity of resonance
ionisation spectroscopy as a general technique may be limited by the
so-called "background" ionisation present in detection chambers (see
Chapter 4) it is likely, in the future, that the detection capability
of resonance ionisation mass spectrometry (RIMS) systems will exceed
that obtainable by conventional radiometric means, at least for

nuclides with long half lives.

A particularly relevant group of nuclides is the lowbenergy'p-
emitters mentioned earlier, which are difficult to detect convention-
ally at specific activities of around 1 pCi per gram of sample

(3.7 x 1072 Ba/g) (91). If the sample is of a typical geological

or envirormental material, it contains AI1022 atoms per gram, some
of which are the radioactive species of interest. Based on a specific

activity/
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activity of 3.7 x 1072 Ba/g, the concentrations of a variety of
important p- emitters in a typical sample were caleulated, and are
presented in Table 4. (N.B. for each nuclide it was assumed that

it alone gave rise to the activity of the sample.)

TABLE 4

Concemtrations of F'a' emitters in envirommental samples

-2 .
to give 3.7 x 10 -~ Ba/z activity

4 A ELEMENT HALF LIFE NO., OF ATOMS | CONCENTRATION
38 | 90 Strontium 28 y 4.9 x 10! 4.9 x 10
43 99 Technetium | 2.13 x 105 y 3.6 x ‘!011 3.6 x 10—11
48 1113 Cadmium 14.6 y 2.5 x 107 2.5 x 10~1?
53 [129 Todine 1.57 x 100 y 2.6 x10° | 2.6 x 107
55 |135 Caesium 2,06 x 106 y 5.1 x 1012 5.1 x 10—10
55 | 137 Caesium 20.17 ¥ 5.0 x 107 5.0 X 10—-15
61 |147 | Promethium 2.62 y 4.4 x 10° 4.6 x 10716

Egtimating the current sensitivity achievable by RIMS as 6.1 ppb

(1 paxrt in 1010), it can be seen from Table 4 that only 13503 and

1291 could be detected

53

(92).
1
the 1 paxt in 10 2 sensitivity prospected by its manufacturers,

55

If the SIRIS system (61,62,63) achieves

99

437°

would also be amenable to monitoring at the pCi/g level.
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Curently, therefore, nuclides of half life £ AJ106 years cannot

be assayed at pCi/g levels by RIS unless some chemical procedure is
used to enrich the sample in the nuclide(s) of interest. A promising
tool to aid in isotope enrichment chemistry is the recently reported
rapid microwave dissolution of rocks and sediments (93). Exactly
how this technique may best be combined with RIMS remains a problem

for the future.

Studies aimed at envirormental monitoring of nuclides associated with
the Nuclear Industry have already been undertaken by various RIMS
groups. UNMost have concentrated on detection not of;s— emitters but

of the transuranic nuclides associated with reactor fuel.

Assay of transuranics by RIS of neutron or photon induced, noble gas
fission products (Xe and Kr) has been proposed (94). Spectral studies
on plutonium using a Nz-pumped dye laser revealed a large number of
transitions in the region 431-451 nm, and demonstrated the feasibility
of RIS detection of the element (41,42). A Nd:YAG pumped dye laser
system, in conjunction with a time-of-flight mass spectrometer
achieved a detection limit of 2 x 1011 239Pu atoms with a single-

94
wavelength ionisation scheme (73). ZgzPuO and 239PuO2 were also

94
observed (73). The same workers, using an upgraded system consisting
of three dye lasers pumped by a single, copper vapour laser (74),
improved their sensitivity to na108 plutonium atoms. Uranium could
also be detected with this system, and plutonium auto-ionisation
levels were investigated. Uranium has also been detected using intra-

cavity laser radiation (72). Spectral lines suitable for resonance

ionisation/
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ionisation of various actinides have recently been located in the

580 - 607 nm region (43).

The use of RIS to detect low-energy P— emitters discharged by the
Nuclear Industry represents a previously unexplored application of

the technique; although B~ decay products have previously been
considered for RIS studies on ocean water circulation (95). However,
it is also a particularly important application in view of the lack
of knowledge concerning the behaviour of such nuclides in the environ-
ment and the inefficiency with which they are assayed by conventional

means.

2-5 Literature-Based Nuclide Asgesgsment

Before commencing preliminary experiments to develop RIS
techniques for application to nuclear waste monitoring, a literature-~
based assessment was undertaken, the aim of which was to determine
the likely constituents i.e. the nuclide composition of nuclear waste
materials reaching the enviromment. In particular, it was hoped to
identify nuclides (such as low-energy ,3— emitters) potentially
assayeble by RIS but difficult to detect by conventional counting,
which have high probabilities of being released in relatively large
amounts. The choice of nuclide(s) was further constrained by the
type of laser system available, to being of an element amenable to

scheme 1 or scheme 2 (2) resonance ionisation.

The agsessment was subdivided into two parts: a) fission products

and/
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and b) neutron activation products. Fission products were classed
under the actinide element from which they arose and activation
products subdivided according to the part of the reactor where activ-

ation occurred.

I TFission Products

Fission product nuclides and their yields from the thermal
neutron induced fission of zggU and 2;3Pu (96) were tabulated. For
each nuclide, the half 1life (96), decay mode and energy (97), and
allowed limits of intake (82) were tabulated, as was the resonance
ionisation scheme for the element recommended by Hurst (2). Decay
chains from the fission products to stable nmuclides were drawn out

based on data in references 97 and 78, in order that important

daughter isotopes of the direct fission products could be considered.

II _ Neutron Activation Products

Since neither a review article on which to base this section
of the assessment nor data on the number of atoms of each element
present in the reactor were available, only qualitative information
(based on the assumption that the chemical elements present have their

natural isotopic compostion) could be deduced.

A number of elements present or potentially present as impurities
in reactor materials were tabulated and decay (97) / neutron activation
(98) schemes constructed for each isotope to determine which other

nuclides they produce.

Activation/
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Activation of fuel nuclides generated higher actinides, principally

by combinations of neutron absorption and P- decay reactions.

Al though many of the nuclides in this section are also o4 active,

the long half lives for these o£ processes (> ~ 20 y) renders them

relatively insignificant as the useful life of a fuel rod is only 1

or 2 years. Principal links in the so-called 'Heavy Atom Burn-Up

Chain' are shown in Figure 2.51 (77).

ative actinides produced in this way are shown in Table 5.

given are for a 1000 MW pressurised water reactor (77).

TABLE 5

The amounts of some represent-

The values

Production rates and associated activity for some important

actinides
ISOTOPE PRODUCTION RATE
kg/year Ci/year
™ 2 6 x 103
2420111 0.1 3x 105
246 0.8 7 x 10*

Isotopes of the natural decay series (80) were also

congidered as they may be present in fuel due to inadequate chemical

separation during ore processing and fuel fabrication.

Activation of fission products was treated similarly, i.e. decay

chain and daughters were included, but only the fission products with

large/
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large thermal neutron capture cross section (>25 barns) were
considered. These are listed in Table 6. Data is for a typical

thermal reactor (77).

TABLE 6

Neutron Capture in Fission Products

ISOTOPE % OF TOTAL THERMAL NEUTRON CAPTURE PRODUCT
f.p. CAPTURES | CROSS SECTION (barns) (98)
135%¢ 25 (2.65 + 0.2) x 10° 136xe
g 10 41,000 + 2,000 10
14344 8 3,25 + 10 Wy
1034, 7 150 £ 5 %% mre
14Tpy, 6 85 + 5 148mp,
96 + 1.8 148?:11
% 5 90 + 10 B2
133C8 5 29 + 1.5 13404 g
n = metastable m+g = metastable + ground state

Finally, activation of fuel cladding and other reactor core materials

vas/
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is the possibility of forming, in the enviromment, a highly radio-
toxic daughter from a relatively innocuous parent. For example,

discharge of alpha activity from the Sellafield reprocessing plant

is highly restricted, but discharge of zglPu, a low~-energy beta

241Pu produces the

emitter, is unrestricted despite the fact that 94

alpha emitters zg;Am and zgng , as shown below:

A 2 < 2 <

B T gstm —= > Ty > 2
14.7 y. 433 y. 10 y.

241

95

resulting from decay of plutonium was present in the Irish Sea close

In 1981 it was calculated that a Am activity of ~ 22.2 TBq

to the Sellafield pipeline. This value is three times the 23;Am
activity reported for that year's effluent (87). The same workers
also suggested that all americium and a significant proportion of

the plutoniuvm discharged was retained in sediment close to the release

site and not dispersed in the ocean. Thus americium levels were not

2 2
only enhanced (by glPu decay), but were also localised. S;Am
detected in the dispersal plume from the Sellafield plant was attrib-

2
uted to decay of the soluble, i,e. consexved fraction of glPu.

Under the terms of the Authorisation for radiocactive waste discharge

from Sellafield, only three nuclides are required to be measured

90 106 144
J65T 1 gqR2 5 and ooC

the number of nuclides reported by British Nuclear Fuels in their

individually - e . However, over the years,
anmual report on the plant's releases has increased as methods for
assaying nuclides "not subject to separate limits within the terms
of the Pipeline Authorisation" have been developed. It is interest-
ing to speculate both on how much of the nuclides now assayable have
been/
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been discharged in the past, undetected, and on how much of those
isotopes for which reliable monitoring techniques do not, yet,

exist are currently discharged. At the Hanford reactor in the U.S.A.,
nuclide specific monitoring techniques were introduced in 1960,
replacing gross ;3’ analysis. In that year, prediction of the total
B~ discharge based on gross p_ counting methods was 3440 TBg/y.

However, individual nuclide assessment measured 11,800 TBq/y. of

259, 65

93P 1 30Zn and 2,290 TBq/y.

51Cr , 962 TBg/y. of 518 TBq/y. of

24
3
of é? (88).

A further area of concern is the corwect identification of critical
groups and critical pathways by which radioactivity discharged to

the enviromment may return to man's environs and pose a radiological
hazard. Just as 23;Am was retained on sediment close to the

Windscale pipeline and not dispersed in the ocean as predicted (87),
so other envirommental materials may, via selective uptake or expected

transfer processes, constitute unpredictable hazards to mankind.

Examples of critical pathways of this type include the ingestion of

106
44

irradiation sustained by fishermen working near Dounreay caused by

Ru from the Sellafield plant via seaweed consumption and external

radioisotopes adhering to fishing nets (89).

It is evident, then, that more reliable means to assay nuclides
present in low level waste and study of their behaviour in the
enviromment is extremely important if radiological hazards associated
with the Nuclear Industry are to be accurately assessed. Nuclide

assgy by resonance ionisation spectroscopy is proposed as a way of

overcoming/
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overcoming the inherent difficulty of detecting low-energy radio-
nuclides - both in waste and in the enviromment - by conventional

radiometric means.

2-4 _The Application of RIS to Wagste Manazement

Conventional types of radiatdon detectors may be subdivided
into three main categories - gas-ionisation detectors, e.g.
ionisation chambers, proportional counters, and Geiger-MHller
counters; semiconductor devices, e.g. Ge(Ii) and Si(Li); and
scintillation counters, e.g. NaI(Tl) (90). A common feature of all
these devices is that their operation is based on the observation
of radioactive decay events, and their sensitivity is limited by
the efficiency with vhich particles or photons emitted during these
events can be detected. The number of atoms present of the isotope
of interest is not measured directly but is inferred from the
relationship

A = N - 23
vhere A = activity (in Ba),
N = the number of parent atoms,

and A

the decay constant.

Decay constant and half life (t%) of a muclide are related by

y = 0-693 24

D

by

For nuclides of long half life activity is low and long counting
times are required to assay such species by conventional methods.

Low/




48

Low activity nuclides which are also of the type whose decay energy
is difficult to detect, e,g. low-energy B emitters, cannot be

agsessed with any certainty even with long counting times.

A number of resonance ionisation spectroscopy based techniques have
been proposed for radionuclide assay which do not rely on the
detection of decay events alone. These include decay-daughter
coincidence counting (3%3), direct counting of parent atoms, and
delayed counting of the daughter atoms as they accumilate (5). The
processes are illustrated in Figure 2.41 as is conventional decay

counting.

Direct parent atom counting is particularly applicable to measure=
mente on very low activity samples. An element-specific laser pulse
ionises all atoms of the chosen radioactive parent present in the
sample and the pulse of electrons or positive ions is measured in a
suitable detector. In decay-daughter coincidence counting, the
detection of a radioactive decay by a conventional technique triggers
a laser pre-tuned to resonantly ionise atoms of the daughter species.
Only real i.e. non-background events produce a response from both
the radiation detector and the laser-based apparatus, and background
count rate may be reduced by, at least, a factor of 1074 (33). The
technique was demonstrated in 1978 (18) when caesium atoms were
detected in coincidence with their production by the spontaneous
fission of 2g§Cf « Delayed daughter counting also involved laser—
ionisation of daughter isotopes, but not in time coincidence with
their production. The daughter species is allowed to accumulate and

its/
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its population monitored by periodically firing (or sweeping) the
laser beam through the detection chamber. The experiment can be
arranged either a) so that each atom is only registered once and then
implanted on to the surface of the detector, or b) so that, once ion-
ised the atom is neutralised and allowed to re~enter the laser volume.
The latter method - resonance ionisation spectroscopy with amplific-
ation (RISA) (19) is particularly attractive for detection or study
of small populations of atoms, e,g. the small number of daughter

species produced by a long half life parent.

The combination of the single atom detection capability of RIS {ype
techniques (11,14) with mass spectrometry presents the possibility

of an isotopically selective, extremely sensitive analytical technique
(33). Although, in practice, the ultimate sensitivity of resonance
ionisation spectroscopy as a general technique may be limited by the
so-called "background" ionisation present in detection chambers (see
Chapter 4) it is likely, in the future, that the detection capability
of resonance ionisation mass spectrometry (RIMS) systems will exceed
that obtainable by conventional radiometric means, at least for

nuclides with long half lives.

A particularly relevant group of nuclides is the low-energy ;3-
emitters mentioned earlier, which are difficult to detect convention-
ally at specific activities of around 1 pCi per gram of sample

(3.7 x 1072 Ba/g) (91). If the sample is of a typical geological

or environmental material, it contains ~ 1022 atoms per gram, some
of which are the radioactive species of interest. Based on a specific

activity/
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activity of 3.7 x 1072 Ba/g, the concentrations of a variety of
important g~ emitters in a typical sample were caleulated, and are
presented in Table 4. (N.B. for each nuclide it was assumed that

it alone gawe rise to the activity of the sample.)

TABLE 4

Concemtrations of 73" emitters in envirommental samples
to give 3.7 x ‘IO--2 Ba/z activity

z | A ELEMENT HAIF LIFE | NO. OF ATOMS | CONCENTRATION
38 | 90 Strontium 28 y 4.9 x 107 4.9 x 1017
43 | 99 | Techmetiwm | 2.13 x 10° 3 3.6x10 1| 3.6x10° "
48 113 Cadmivm 14.6 y 2.5 x 10! | 2.5x 1077
55 [129 Iodine 1.5 x 107 ¥ 2.6x10° | 2.6 x 107
55 135 Caesimm | 2.06 x 10° 3 5.1 x 102 | 5.1 x 107 1°
55 |137 Caesium 30.17 ¥ 5.0 x 107 5.0 x 10~ 12
61 |147 | Promethium 2.62 y 4.4 x10° | 4.6 x 1071°

Estimating the current semsitivity achievable by RIMS as 6.1 ppb

(1 part in 1010), it can be seen from Table 4 that only 1;203 and

1?%1 could be detected (92). If the SIRIS system (61,62,63) achieves
99

1
the 1 part in 10 2 sengitivity prospected by its manufacturers, 43Tc

would also be amenable to monitoring at the pCi/g level.
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Curently, therefore, nuclides of half life £ AJ106 years cannot

be assayed at pCi/g levels by RIS unless some chemical procedure is
used to enrich the sample in the nuclide(s) of interest. A promising
tool to aid in isotope enrichment chemistry is the recently reported
rapid microwave dissolution of rocks and sediments (93). Exactly
how this technique may best be combined with RIMS remains a problem

- for the future.

Studies aimed at envirommental monitoring of nuclides associated with
the Nuclear Industry have already been undertaken by various RIMS
groups. UMost have concentrated on detection not of)s- emitters but

of the transuranic nuclides associated with reactor fuel.

Assay of transuranics by RIS of neutron or photon induced, noble gas
fission products (Xe and Kr) has been proposed (94). Spectral studies
on plutonium using a Nz-pumped dye laser revealed a large number of
transitions in the region 431-451 nm, and demonstrated the feasibility
of RIS detection of the element (41,42). A Nd:YAG pumped dye laser

system, in conjunction with a time-of-flight mass spectrometer

11 239
94F %

wavelength ionisation scheme (73). 232Pu0 and ZSZPuO2 were also

observed (73). The same workers, using an upgraded system consisting

achieved a detection limit of 2 x 10 atoms with a single-

of three dye lasers pumped by a single, copper vapour laser (74),
improved their sensitivity to u»108 plutonium atoms. Uranium could
also be detected with this system, and plutonium auto-ionisation
levels were investigated. Uranium has also been detected using intra-
cavity laser radiation (72). Spectral lines suitable for resonance

ionisation/
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ionisation of various actinides have recently been located in the

580 - 607 nm region (43).

The use of RIS to detect low~energy‘;7 emitters discharged by the
Nuclear Industry represents a previously unexplored application of

the technique; although ;3- decay products have previously been
considered for RIS studies on ocean water circulation (95). However,

| it is also a particularly important application in view of the lack
of knowledge concerning the behaviour of such nuclides in the environ-
ment and the inefficiency with which they are assayed by conventional

means.

2-5 Literature-Based Nuclide Assesgsment

Before commencing preliminary experiments to develop RIS
techniques for application to nuclear waste monitoring, a literature-
based assessment was undertaken, the aim of which was to determine
the likely constituents i.e. the nuclide composition of nuclear waste
materials reaching the enviromment. In particular, it was hoped to
identify nuclides (such as low-energy ;5- emitters) potentially
assayable by RIS but difficult to detect by conventional counting,
which have high probabilities of being released in relatively large
amounts. The choice of nuclide(s) was further constrained by the
type of laser system available, to being of an element amenable to

scheme 1 or scheme 2 (2) resonance ionisation.

The agsessment was subdivided into two parts: a) fission products

and/
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and b) neutron activation products. Fission products were classed
under the actinide element from which they arose and activation
products subdivided according to the part of the reactor where activ-

ation occurred.

I Fission Products

Figsion product muclides and their yields from the thermal

235 239
92U and 94Pu (96) were tabulated. For

each nuclide, the half life (96), decay mode and energy (97), and

neutron induced fission of

allowed limits of intake (82) were tabulated, as was the resonance
ionisation scheme for the element recommended by Hurst (2). Decay
chains from the fission products to stable nuclides were drawn out
based on data in references 97 and 78, in order that important

daughter isotopes of the direct fission products could be considered.

II Neutron Activation Products

Since neither a review article on which to base this section
of the assessment nor data on the number of atoms of each element
present in the reactor were available, only qualitative information
(based on the assumption that the chemical elements present have their

natural isotopic compostion) could be deduced.

A number of elements present or potentially present as impurities
in reactor materials were tabulated and decay (97) / neutron activation
(98) schemes constructed for each isotope to determine which other

nuclides they produce.

Activation/
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Activation of fuel nuclides generated higher actinides, principally
by combinations of neutron absorption and p— decay reactions.
Although many of the nuclides in this section are also o¢ active,

the long half lives for these oK processes (> ~ 20 y) renders them
relatively insignificant as the useful life of a fuel rod is only 1

or 2 years. Principal links in the so-called 'Heavy Atom Burn-Up
Chain' are shown in Figure 2.51 (77). The amounts of some represent-
ative actinides produced in this way are shown in Table 5. The values

given are for a 1000 MW pressurised water reactor (171).

TABLE 5
Production rates and associated activity for some important
actinides
ISOTOPE PRODUCTION RATE
kg/year Ci/year
241Am 2 6 x 103
2420111 0.1 3 x 105
2840, 0.8 7 x 10%

Isotopes of the natural decay series (80) were also
considered as they may be present in fuel due to inadequate chemical

separation during ore processing and fuel fabrication.

Activation of fission products was treated similarly, i.e. decay

chain and daughters were included, but only the fission products with

large/




Ru

9¢¢

(V7]
“Vyyz Ysrz
-9 Pl
w i
vz _.| “p 2

NTVHO dn REAE WOLV-XAVNH NHYL NI SINTT TVATONTHA 10V "%%3
RY n AV
—  Ngez Nscz 1 Ngez
>
& 'y
Y
d Av !l d
Novz Necz
>
T
AV n gu n RV n
vz a-.~T1|. a°+NTT|| de¢ 2
-nﬁ
WYy 2o
w
v ) Ve
j e
»
AU | w
1T



55

large thermal neutron capture cross section (>-25 ba:ms) were

considered.

These are listed in Table 6. Data is for a typical

thermal reactor (77).

TABLE 6

Neutron Capture in Fission Products

ISOTOPE % OF TOTAL THERMAL NEUTRON CAPTURE PRODUCT
f.p. CAPTURES | CROSS SECTION (barns) (98)
135%e 25 (2.65 + 0.2) x 1o6 136}:,9
™ 10 41,000 + 2,000 1505
14344 8 3.25 + 10 Yya
103, 7 150 + 5 %0 meg
1475 6 854+ 5 148mp,
96 + 1.8 148Pm
131)(3 5 90 + 10 132Xe
13308 5 29 + 1.5 13403 g
m = metastable m+g = metastable + ground state

Finally, activation of fuel cladding and other reactor core materials

was/
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was considered. Possible daughter species from radioactive decay
and/or neutron activation of isotopes of the following elements

were listed:

Cr, Mn, Fe, Co, Ni, Zr, Nb, Sb, Mg (metal cladding, coolant

pipes, steel etc.)

B, Cd (control rods)

c, 0 (graphite moderator, co,,
coolant)

Si (concrete pressure vessel)

P, S, As, Ca, Sr, Ag, Cu, Zn, Sn, Sc, Y (possible trace impur-

ities in alloys or concrete)

To reduce the resulting list of isotopes to more manageable proportions,
two criteria were applied. All nuclides of short t% (<5 4a) were
eliminated as their rate of decay both in storage prior to release

and in the environment would be rapid. All non resonance ionisation
scheme 1 or 2 (2) elements were eliminated since, although many were

of interest, they could not be efficiently ionised by a single

excimer-dye laser system.

From the remaining shortlist of elements, caesium was chosen. The
reasons for this selection were as follows. Several isotopes of
the element are associated with the Nuclear Industry,most of which

are fission products. Thus some semi-quantitative information on

137
25

component of low level liquid waste. In 1982 2,000 TBq of the

the amounts produced may be deduced. Cs is the principal reported

isotope were eluted by the Sellafield reprocessing plant (85), a
value/
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value almost an order of magnitude greater than that attributed to
any other, separately assayed nuclide, and constituting more than
half the total p activity discharged. 1;‘;% is also currently
assayed separately. However, of more interest from the RIS view-
point is 12205. It is a low-energy A emitter produced in high
yield (i,e. ~v 6%) from the thermal fission of the principal f;.zel
nuclides (96), but is subject to no discharge restriction apart

| from the gross B~ activity limit. It is also, as was shown in Table

4, assayable (at levels where conventional radiometry becomes

1
unreliable) with existing RIS technology. Since discharges of gng
and 134Cs are high, it is likely that considerable amounts of 12;08

55
are also present in low level waste but remain largely undetected.

Finally, caesium has already proved itself amenable to RIS - as shown

by the early work of Hurst et al. (11,12,13,15,16,17,18).

Table 7 shows the isotopes of caesium associated with the Nuclear
Industry. Their decay modes and energies (97) and annual limits
for intake (both oral and by inhalation) appropriate to members of

the general public (82) are also tabulated.

Before progressing to isotopically selective Cs detection, or to
envirommental material, detection at an elementally selective level

wes required. To demonstrate the capacity of the experimental system

133
55

obtained from Aldrich Chemical Co. The metal appeared yellow-tinged

to perform this task, a sample of caesium metal (100% 22Cs) was
and melted readily at just above room temperature. Cs is the most

electropositive and most alkali of metals. 4s well as spontaneously

igniting/
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The igotopes of Cg associated with nuclear waste

ISOTOPE HALF LIFE DECAY MODE DECAY ENERGY A.L.I, (PUBLIC)
(97) (97) MeV (97) MBq (82)
oral inhal,
132 I
5508 6.5 d Ay EC 2.09 10 10
12;08 2.05 y B 2.062 0.3 0.4
12208 32100 3 B 0.210 3 4
136¢4 1% a A 2.54 2 2
55
12;’% 30, 2% B~ 1.176 0.4 0.6
+ 0.16 ¥

igniting in air, it was found to be highly reactive towards many

substances including plastics, glasses and (especially) organic

solvents.

It reacted explosively with water.

Techniques employed

for handling the metal are discussed in Chapter three, along with

the apparatus used.

in Table 8.

Some basic properties of caesium are presented

Results of Cs experimental work appear in Chapter five.




TABLE 8

Basic Properties of Caesium (97)

Atomic weight
Atomic numbexr
Melting point (°C)
Boiling point (°C)

Valence

132.9054

55

28.40 + 0.01

669.3

59
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CHAPTER 3 INSTRUMENTATION

31 Introduction

An excimer-dye laser system was used for the detection of
. gas-phase atoms above a Cs metal source at room temperature. For
clarity, an overview of the complete apparatus used is presented at
the beginning of this chapter, followed by detailed descriptions of

the component parts. See Figure 3.11 for the overview.

An excimer laser | LUMONICS TE-860-3 | operating at 308 mm

(XeCl filling) was used to pump a dye laser [LIIMONICS EPD—330] ,
generating tunable, visible or near ultraviolet output. The dye
laser was automatically positioned by a scan control system
[LUMONICS EPD-GO “Compuscan"] operating through a motor drive
[LUMONICS EPD—SO___]. The dye beam was, optionally, passed through
harmonic generating crystals to produce tunable ultraviolet output.
Both manual and automatic operation of the frequency doubler
[INRAD HARMONIC GENERATOR MODEL 562-126 and SERVO ELECTRONICS
MODEL 5-12_| was possible. When tunable ultraviolet laser light
alone was required, a blue filter was inserted after the doubling
crystals to eliminate the fundamental. A collimating aperture
(usually 1 mm x 1 mm) was positioned before the experimental chamber
and a lens of focal length = 20 cm could be inserted to focus the

beam to 0.13 mm x 0,13 mm at the centre of the Cs detection apparatus

(as/
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(as measured by a Spiricon photodiode array). Laser fluence was
monitored at the end of the experimental line by a pyroelectric
joulemeter EMOLEXJTRON J 3-09:] and could be controlled by a variable

attenuator [ NRC 935-5 |.

The laser induced ionisation signal from the proportional counter
passed to a preamplifier [OR‘I‘EE 142:] which also carried volts from
the power supply [ NUCLEAR ENTERPRISE 4519 ] to the chamber. Signals
from both chamber and joulemeter were amplified and delayed to time
coincidence with the gate of a peak-sensing ADC. A photo diode,
positioned close to the excimer output, served as a timing signal for
the electronics. Data collection was govermed by an LSI-11 micro-
computer and raw data was stored (event by event) on floppy disc prior
to transference to an IBM mainframe computer for processing and

analysis.

3-2 The Excimer Laser

Excimer lasers are high powered, pulsed, molecular lasers.
Output wavelengths range from the vacuum ultraviolet ( A < 200 mm)
to the visible (400 - 700 nm) depending on the molecular species
involved, i,e. on the nature of the operating gas mixture (99). In
excimer molecular systems, some electronically excited states formed
by one ground state atom and one electronically excited atom are
bound whereas the molecular ground state is not, i,e. the constituents
of the gas mixture repel each other, at the atomic level, unless some
of the atoms are excited. See Figure 3.21. Excitation is usually

brought/
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brought about by an intense electron beam or a fast electrical
discharge and lasing arises as the excimer molecule, composed of two
atoms A and B, in the bound, excited state A+B* , returms to the

ground state and dissociates.

Excimer laser systems are unusual in that, as long as the A+B* state
' (the upper state of the laser transition) is populated, a population
inversion automatically exists. This is due to the speed with which
the ground state molecule dissociates, i.e. ~ 1010 g (100). Thus,
every excited molecule contributes a photon to the laser beam instead
of only sufficient photons being emitted to equalise upper and lower

state populations.

Not all excimer molecular systems are suited for lasing action: the
principal disadvantage of most being that bound states exist at
higher energy than A+B¥* and, if these are accessible from A+B* by
absorption of a photon they will reduce the effective population
inversion and may quench the lasing action., Ioss of efficiency may
also occur due to intermmolecular collisions dissociating the molecular

species before stimulated emission can occur.

Suitable active media for excimer lasers include rare gas dimers
* #*
e.g. Xe o » Trare gas oxides e.g. Xe0 , and rare gas halides e.g.

*
XeCl .

The laser used in this study | LUMONICS TE-860-3M | had a filling gas

mixture of the composition shown in Table 93



TABLE 9

Excimer Gas Mixture

TYPE OF GAS CONSTITUENTS PRESSURE
BOC Research Grade Xe 39 torr
BOC Special Mix H, 0.95% 31 torr
HC1 4.73%
He balance
BOC Standard Grade He to 50 psi

Lasing action arose from XeCl* excimers produced by a fast electrical
discharge of ~ %2 kV., The wavelength of the laser was 308 nm in the
wltraviolet. When fitted with stable resonator optics, the output
energy was ~ 80 mJ/pulse, with a pulse to pulse reproducibility of

+ 3% (at 35 Hz). The power and reproducibility deteriorated after

a few days operation and it was found necessary to recharge the

laser once power dropped below ~ 50 mJ/pulse. The beam was rect-
angular with cross section 8 mm x 12 mm and full angle beam
divergence of 2.4 mR x 6 mR. Pulse width was typically in the range

. 8 ns - 12 ns (FWHM). The laser appears in Plate 1.

3=3 _The Exgcimer—Pumped Dye Lager

Dye lasers are sources of tunable radiation within the

approximate/
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approximate range of 315 nm - 1200 rm, i,e. from the ultraviolet to
the infrared regions of the spectrum. The active medium was discover-
ed in 1966 by Sorokin and Lankard (101), and is a solution containing
a fluorescent organic dye. Suitable dyes include the xanthenes and
coumarins (102). The first narrow bandwidth dye laser (i.e. band-
wvidth < ~ 0.1 nm) was reported in 1972 by Hansch (103). Dye lasers
require to be optically pumped by either another laser (e.g. the

excimer, Nd:YAG or N, laser) or by a flashlamp.

Figure 3%.31 is a schematic energy level diagram illustrating lasing
action in a dye laser (100). Since dye molecules are large and
complex, precise calculation of the wavefunctions and energies of all
the permitted molecular states is not possible. Instead, the energy
level diagram is derived by analogy with that of a simple diatomic
molecule with the horizontal axis of the diagram representing a
configuration coordinate analogous to the intermuclear separation

in the diatomic system. For clarity, the origin of the configuration
coordinate for the triplet states of the molecule has been shifted

to the position of the dashed line., At room temperature, only the
lower vibrational-rotational levels of an electronic state are
populated. It should be noted that the configuration coordinate
corresponding to minimum energy is different for each electronic

level.

During the pump pulse, dye molecules are excited from SO——> S 1 by
absorption of photons., This is represented by a vertical line on
the diagram due to the Franck-Condon Principle, which states that

the/
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the molecular configuration cannot change during an electronic
process. Having achieved the S1 state, the molecule may re-emit

the photon and return to the ground state. More probable, however,

is a non-radiative transition to lower energy states in S1 (taking

v 10_12 s) (100) - with the excess energy being taken up by solvent
molecules -~ followed by fluorescence. It is the fluorescence trans-
ition, which has a radiative lifetime of n 1070 g (100), which is
responsible for laser action. The emitted photon is of lower energy
than the absorbed, i.e. the fluorescnece band of the dye is shifted

to longer wavelength than its associated absorption band - the
so-called Stokes Shift. The fluorescence band is also broad (typically
~ 50 nm) as it involves transitions from all the thermally populated
vibrational-rotational levels of S1 to the many, high level,
vibrational-rotational states of SO . Following fluorescence, further
non-radiative transitions in SO occur to return the population to its

thermal distribution.

Fluorescence gquantum efficiency is the ratio of the number of photons
emitted by the dye to the number absorbed. If all molecules excited
to S1 de-excite by fluorescence the value ig unity. However, a number
of competing processes deplete the S1 population and thus affect the
gain of dye lasers. Transitions from §,—>§_ (where n & 0) occur

as do non-radiative §,—> S, transitions (internal conversions).

1
The triplet states, although not directly involved in laser action,
influence the fluorescence quantum efficiency since non-radiative
transitions between states of different multiplicity, although formally

forbidden, can and in fact do occur due ta the small amounts of

admixing/




admixing between pure triplet and pure singlet states which arise from
spin-orbit interactions. Fluorescence quantum efficiency is thus
further reduced by intersystem crossing S1—4>'P1 vwhich takes rv10-5 8
(100). Vorse still, population of ’I‘1 leads to triplet absorptions
T1-—€’Tb which often occur at similar frequencies to 81'—9'30 radiative
transtions and can severely limit or quench laser action by absorbing
the fluorescence emission. Other possible transitions of a molecule

in T1 are intersystem crossing T1—%> So and a radiative transition
(phosphorescence) between the two states. These processes are
forbidden also, and phosphorescence has a much slower radiative decay
rate than fluorescence (i.e. phosphorescent lifetime is ms),

limiting the rate at which molecules crossing to triplet states can

return to the So ground state for re-excitation.

To reduce the number of molecules in triplet states most dye lasers
are operated in pulsed mode with pulsewidth shorter than the time

necessary for T, to achieve significant population.

1
The laser used in this study was a Lumonics EPD-330, pumped by the
XeCl excimer described above. The output power was 3 - 14% of the
punp pover depending on the dye used. The beam size also varied
from dye to dye but was, typically, 1 mm x 2 mm with full angle
beam divergence of less than 1 mR. Pulsewidth was 2 ns less than
that of the excimer, i.e. 6 - 10 ns (EWEED, and the linewidth was
0.05 nm without and 0.003 nm with the prism beam expander inserted
in the laser cavity. The dye laser beam was polarised (> 95%) in

the vertical plane.
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The following dyes, listed in Table 10 and shown in Figure 3.32,

have been used to fill the Inmonics dye laser used.

An optical schematic of the dye laser is shown in Figure 3.33, and
a photograph showing it operating on a DCM dye fill comprises Plate 2,
The pump beam enters 7.6 cm above and parallel to the optical base-
plate. It is divided by a partially reflecting mirror[:Mf] and one
portion is focused into the oscillator cell[:b01:]whilst the
remainder is steered via a system of mirrors[:MQ - M4:]and focused
more tightly into the amplifier cell [?Cé] . The output coupler,

a quartz flat with a 1° wedge, serves to align the dye laser beam
with the gain region of the oscillator cell. The output is tumed
by movement of a holographic grating[}ﬂ{](24oo lines/mm): this
may be operated manually or, as in this study, controlled by an
external electronic unit. The Lumonics "Compuscan"[:EPD-60:]was
used for auntomatic scanning and wavelength positioning of the laser.
A prism beam expander, which improves laser linewidth by increasing
the number of lines on the grating with which the beam is incident,
was also installed., Hgowever, for most of the Cs study, this was
demounted since it reduced laser fluence considerably. The dye
solution was circulated in g single, water cooled, closed loop
system passing through first the oscillator and then the amplifier
cell., The laser was also fitted with a standard gravity interlock
and with a fibre optic cable which emerged from the rear of the
cavity. VWhen coupled to a photodiode this generated a timing
signal for the data collection system and when passed into a mono-
chromator | HILGER & WATTS _| the light from the fibre optic served
as/
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FIG.3-32: CHEMICAL STRUCTURES OF LASER DYES
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as a check on leser wavelength.

- The nic Generator

Optical hamonics were first observed in 1961 (104) when the
light from the newly discovered pulsed ruby laser (wavelength
'694.3 nm) was focused into a quartz erystal and the second harmonic
at 347.2 nm observed. Considerable interest in non-linear optical
effects resulted (105), and, over a few years, the dependence of
harmonic output on the properties and orientation of the crystalline
medium was much studied. Continuous wave harmonic generation from
the He-Ne laser followed in 1963 (106). A notable review article,
giving a simplistic and readable introduction to the subject, was

published by Giordmaine in 1964 (75),

Although it had long been known that strong magnetic and electrical
fields could affect the propagation of light in materials, until

the development of the laser these fields were always applied
externally by experimenters using magnets or electrical coils.

In the laser, however, the beam is so intense that the magnetic and
electrical fields associated with it can themselves alter the
properties (_e_,_g. refractive index) of the material in which the
light is travelling. Thus the laser affects its own propagation by
modifying the propagating medium, leading to interesting, non-linear
optical effects such as harmonic generation (described below) and

frequency mixing.

Second/
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Second harmonic generation may be explained in simple mathematical
terms as follows:-

For high values of electric field E (such as those associated

with a laser beam) the polarisation P is given by the series

P = d1E +“2E2 +O<§E3+ evsec e (25)
where o<1, 042 en.ndo(3 are constants
For a laser, the electric field can be expressed as
E = Eysinuwt ___(286)
vhere EO, t are constants,

and W is the laser frequency

Substituting (26) in (25)

P = O< 1Eo Sj.nwt + 0(2E02 Sinzwt + (RN XN ] (27)

Taking only the first two terms of the series, and using the
standard formula
gin® ® = % (1 - cos 28 )

equation (27) becomes
. 2 2
P =X E sinwWt + %0(2Eo - Jgocon cos 2w t (28)

where the first term represents the polarisation of a laser of
frequency w5y, and the third termm represents a contribution to P
from a laser with frequency 2w , i.e. half the wavelength of the

fundamental laser beam.

A more intuitive description, which may aid in visualising the
origins of harmonic generation, is also given:-
When/
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When the alternating electric field of a laser beam passes
through a crystalline medium, the valence electrons of the atoms in
the crystal redistribute themselves in step with the field. This
displacement or oscillatory motion of negative charge is known as
the polarisation wave. It travels through the medium with the same
velocity as the laser light wave. In a non-centrosymmetric medium
such as quartz, the polarisation wave ig distorted since it is
eagier to move electron density in one direction than in the other.
The distorted polarisation wave can be shown to be the sum of three
components: a wave at the fundamental frequency, a wave at twice
the fundamental frequency, and a steady polarisation. See Figure
3.41. The second harmonic polarisation wave travels in step with
the fundamental light wave and radiates light at the second harmonic
frequency. The velocity of the second harmonic light is slower (in
most media) than that of the funda<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>