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A commercial MALDI-TOF mass spectrometer has been combined with a tunable ns-pulse laser ionisation

system consisting of two dye lasers pumped by the second (532 nm) and the third (355 nm) harmonics of

a Nd:YAG laser. Uranium samples in the form of solutions, suspensions or small solid grains can be placed

onto an aluminium substrate without the MALDI matrix from which they are desorbed by a 337 nm nitrogen

laser with a spatial resolution of �20 mm. A rapid and simple sample preparation process not involving any

chemical separation, pre-concentration or need for chemical derivatisation reactions is employed. The

neutral uranium atoms and molecules are resonantly ionised by the photoionisation system. Highly

selective and efficient uranium photoionisation schemes have been developed. They are three-colour,

two-step photoionisation schemes involving resonance excitation from the ground state by a 424.23 nm

laser (�1 mJ per pulse) and subsequently by either 578.48 nm, 575.42 nm or 574.10 nm lasers (�20 mJ

per pulse) with 1064 nm (>1 mJ) ionisation into the continuum. Three-colour excitation, targeting

specific uranium atomic levels, allows for selective ionisation of uranium atoms. The photo-ions have the

yields of up to two orders of magnitude higher than those formed in laser desorption making them

extremely suitable for the detection of isotope ratios of samples with trace concentrations. A series of

measurements of reference materials with concentrations between 1010 and 1016 atoms per sample

(10�15 to 10�7 g) and various isotope compositions ranging from depleted and natural to enriched

uranium positively confirm the method applicability. For instance, for the samples of depleted uranium

the 235U/238U < 0.003 ratio was determined with <7% precision (2s errors) for the total uranium

concentrations not exceeding �80 fg per sample.
Manchester, Oxford Road, M13 9PL

anchester.ac.uk

Dubna, Russia

onmental Science, The University of

Manchester, Pariser Building Floor G,

Florida International University, 11200

6

O/IAEA Division of Nuclear Techniques

P.O. Box 100, Vienna, Austria A-1400

aidian District, China 100081

es Division, Colombo, Srilanka

epartment, Taras Shevchenko National

jCentre National de l'Energie des Sciences et des Techniques Nucleaires, Laboratoire

d'Analyses Structurales et Isotopiques (LASI), Division Exploitation des Laboratoires,

Rabat, Morocco
kUniversity of Peradeniya, Peradeniya, Central, Srilanka
lDepartment of Chemistry Kampala, Makerere University, Kampala, Uganda
mSchool of Industrial Technology/Analytical Biochemistry Research Centre Minden,

Universiti Sains Malaysia, Pulau Pinang, Malaysia
nSemenov Institute of Chemical Physics RAS, Kosygin str. 4, Moscow, Russian

Federation 119991
oUniversity of Delhi, Soil Microbial Ecology and Environmental Toxicology

Laboratory, Department of Zoology, New Delhi, Delhi, India
pOxford Instruments plc, Abingdon, Oxfordshire, UK
qUniversity of Natural Resources and Life Sciences, Tulln, Austria A-3430

1630–1638 This journal is © The Royal Society of Chemistry 2019

Th
is

 a
rti

cl
e 

is
 p

ro
te

ct
ed

  b
y 

th
e 

co
py

rig
ht

 la
w

. Y
ou

 m
a

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ja00030e&domain=pdf&date_stamp=2019-07-27
http://orcid.org/0000-0001-6502-5530
http://orcid.org/0000-0003-0210-1844
http://orcid.org/0000-0003-2972-1111
http://orcid.org/0000-0003-4721-1019
http://orcid.org/0000-0001-7402-4011
http://orcid.org/0000-0002-9306-5051
https://doi.org/10.1039/c9ja00030e
https://pubs.rsc.org/en/journals/journal/JA
https://pubs.rsc.org/en/journals/journal/JA?issueid=JA034008


Paper JAAS

Pu
bl

is
he

d 
on

 2
1 

M
ay

 2
01

9.
 D

ow
nl

oa
de

d 
on

 8
/1

9/
20

19
 9

:3
8:

08
 A

M
. 

View Article Online

hi
s 

ar
tic

le
 is

 p
ro

te
ct

ed
  b

y 
th

e 
co

py
rig

ht
 la

w
. Y

ou
 m

ay
 c

op
y 

an
d 

di
st

rib
ut

e 
th

is
 a

rti
cl

e 
fo

r y
ou

r p
er

so
na

l u
se

 o
nl

y.
 O

th
er

 u
se

s 
ar

e 
on

ly
 a

llo
w

ed
 w

ith
 w

rit
te

n 
pe

rm
is

si
on

 b
y 

th
e 

co
py

rig
ht

 h
ol

de
r.
1. Introduction

Development of new physical methods for the detection of
isotope ratios of small concentrations of elements in various
samples is an important task in analytical science. Detection of
low amounts of uranium (down to the fg-level) is of great
importance due to increased requirements for environmental
standards. Having been widely used in the nuclear industry
uranium can be detected in many environmental samples.
Infamous underground nuclear explosions at tests sites e.g. the
“Nevada”, “Semipalatinsk”, and “Novaya Zemlya”,1–3 as well as
radioactive waste storage facilities are environmental hazards
requiring constant monitoring. In the nuclear industry, spent
nuclear fuel pools serving for short-term storage of nuclear fuel
rods before further reprocessing are constantly monitored for
the presence of trace amounts of radionuclides. While the
natural abundance of the 235U isotope is <0.72%, the reactor-
grade uranium can be slightly enriched to 3–5%, and enrich-
ment of weapon-grade uranium can be >90%. Characterisation
of uranium samples collected near nuclear sites based on their
235U/238U ratios can provide information regarding nuclear
activities undertaken and potentially could serve for the goal of
non-proliferation of nuclear weapons.

X-ray uorescence analysis (typical sensitivity of 10�12 to
10�15g) is currently widely used by industry for the detection of
the elemental composition of spent nuclear fuels and environ-
mental samples,4 however it is not suitable for the detection of
isotope ratios. Among mass spectrometry methods Inductively
Coupled Plasma Mass Spectrometry (ICP-MS) that employs e.g.
an argon plasma for the ionisation of species is widely used for
the detection of isotope ratios of gas and liquid samples.5 Solid
samples can be probed in combination with laser desorption
(ablation) (LA-ICP-MS).4 Laser desorption, in turn, is widely
applied to studies of biomolecules (Matrix Assisted Laser
Desorption Ionisation (MALDI) method) as well as for the
detection of the elemental and isotopic compositions of inor-
ganic samples.6 With modern development of Electrospray
Ionisation (ESI) and Atmospheric Pressure Chemical Ionisation
(APCI), together with MALDI and ICP-MS they are currently the
leading methods most frequently used in the studies of both
large organic and non-organic molecules in solutions7 and on
surfaces.8 The main limitation of these methods is their
inability to distinguish between molecular and isotopic isobars
(a lack of selectivity), which complicates the analysis of trace
concentrations.

Resonance ionisation mass spectrometry (RIMS) is a power-
ful technique that makes use of tunable lasers for resonance
excitation of atoms from the ground state via intermediate
atomic states to the ionisation continuum. Resonance laser
light absorption enhances the ionisation process by several
orders of magnitudes compared to non-resonant methods (e.g.
ESI, APCI or electron impact (EI)). Moreover, because each
atomic element possesses its own unique electron structure,
laser beams that are tuned into specic transitions will gener-
ally selectively ionise only the atoms of interest in the sample
reducing the isobaric (and isotopic, depending on the laser
This journal is © The Royal Society of Chemistry 2019

T

bandwidth) interferences. This superb sensitivity and selectivity
of resonance ionisation allowed for several breakthroughs in
the elds of nuclear physics9–13 (measurement of the nuclear
properties of short-lived isotopes produced in nuclear reac-
tions) and of planetary science14–16 (detection of isotope ratios of
Kr and Xe extracted in miniature quantities from meteorites
and cosmic granules – primordial chondrules).

Here we present a highly sensitive (ultra-trace level concen-
trations) and selective method for the detection of isotope ratios
of uranium samples that can be in liquid or solid form. Laser
desorption is used for sample evaporation/decomposition.
Desorbed atoms are excited and ionised resonantly using
three laser beams. Uranium ions are detected by a time of ight
mass spectrometer with a multi-channel plate (MCP) detector.

2. Experimental setup

A Laser Ablation Resonance Ionisation Mass Spectrometer (LA-
RIMS) has been developed for the detection of uranium isotope
ratios. It combines a commercial high-resolution time-of-ight
mass spectrometer (Bruker, Reex III) with a photo-ionisation
laser system controlled by in-house written soware (see Fig. 1).

The mass spectrometer ion source is equipped with a pulsed
nitrogen laser (LTB Laser technique, MNL100, �3 ns pulse
length, 337 nmwavelength, with a pulse energy of up to�0.3 mJ
per pulse). As a result of nitrogen laser light–surface interac-
tions, a vapor cloud consisting of ions and neutral atoms is
formed near the surface. Atoms are resonantly excited and
ionised by the laser photo-ionisation system. Ions formed as
a result of desorption and photoionisation are detected by the
time of ight mass spectrometer in “linear” or “reectron”
modes using an MCP detector. A magnied image of the
desorption region can be monitored using an electronic
camera. Precise movement of the sample in X–Y directions with
respect to the desorption laser using a pair of stepper motors is
also possible. This allows for “scanning” of the sample surface
with a minimum step of �21 mm. The energy of the nitrogen
(desorption) laser, and, consequently, the intensity of the
desorption process, can be continuously varied with the help of
an absorber of a round shape, consisting of segments of
different optical densities. The photoionisation laser system
consists of two tunable dye lasers (Lambda FL 2001 and Sirah),
pumped, respectively, by the second (532 nm) and third (355
nm) harmonics of a solid-state Nd:YAG laser (neodymium Nd3+

doped in the crystal lattice of an yttrium–aluminum garnet-
crystal). The Nd:YAG laser operates in the Q-switched mode.

The part of the rst harmonic (1064 nm) of the Nd:YAG laser,
aer combining in time and space with the laser radiation from
the other two lasers, is focused onto the ion source and also
serves for photoionisation of atoms. The region of generation of
the laser radiation of the rst dye laser is �419–430 nm (Stil-
bene 3 laser dye). For the second laser the Rhodamine 6G dye is
used (�568–585 nm). The measurement of the wavelength is
carried out by an ATOS wave meter and is displayed on the
monitor screen throughout the entire measurement. The cross-
section, overlap and the positions of the laser beams can be
controlled using the electronic video camera which receives
J. Anal. At. Spectrom., 2019, 34, 1630–1638 | 1631
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Fig. 1 Diagram of the setup for the detection of uranium isotope ratios by photoionisation mass spectrometry. The samples (solutions or solids)
are placed onto a substrate from where they are desorbed with a 337 nm nitrogen laser. The neutral species are resonantly ionised by a set of
tunable dye lasers pumped by a Nd:YAG laser (355 nm and 532 nm) beam. Part of the fundamental 1064 nm Nd:YAG laser beam is also used for
ionisation. The photoions are detected by a TOF-mass spectrometer in linear or reflectron modes. The delay between the desorption and
photoionisation pulses of �600 ns is generated by a trigger generator which in turn is triggered by a pulse from the flash lump of the Nd:YAG
laser.
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a part of the laser radiation and is positioned at the same optical
distance from the ion-source as the main beams. The timing
diagram of the experiment is shown in Fig. 2. The time window
for measurements is determined by a pulse generator (Stanford
Research DG 535), whose trigger is the start time of a pulse from
the Nd:YAG laser ash-lamp operating at 20 Hz. Measurements
are carried out at a frequency of 4 Hz, so only every h pulse
from the ash lamp is received by the pulse generator. Another
trigger signal is generated 402.4 ms aer receiving the signal
from the ash lamp and is used to start the nitrogen laser. Aer
600 ns, another trigger signal is fed to the Q-switch input of the
Nd:YAG laser and the laser pulses (1064 nm, 532 nm and 355
nm) are formed to pump dye lasers. The same trigger signal
serves to start the ADC. Time-of-ight mass spectrometer
settings (voltage setting of the detector and accelerating elec-
trodes, vacuum system, repositioning and sample replacement,
varying the energy of the desorbing laser, etc.), ADCs and video
cameras are controlled by a computer program in the UNIX
operating system. The laser wavelength can be tuned in small
steps of �300 MHz and controlled by the soware. The ion
source, the time-of-ight cavity of the spectrometer and the
detector are in a vacuum of 10�6 to 10�7 mbar.
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3. Sample preparation and spatial
resolution

The samples are placed onto a substrate from which they are
desorbed with the nitrogen laser aer drying. Although being
1632 | J. Anal. At. Spectrom., 2019, 34, 1630–1638
completely different, this approach is more robust compared to
e.g. atmospheric pressure ion sources (ESI, APCI, etc.) employ-
ing small diameter capillaries for direction/formation of liquid
sprays. Special attention to these “electrospray” sources is
required at the sample preparation stage which, if not careful,
could cause blockages and signal suppression due to e.g. high
salt concentrations or presence of reactive species in solution.

The sample preparation of LA-RIMS is somewhat similar to
that of MALDI except that the organic matrix is not used. In the
case of MALDI, for liquid samples, a typical sample volume <1 ml
is placed onto a stainless steel substrate and evaporated to
dryness. An alternative to a standard stainless steel substrate
was investigated. Several-mm thin plates of glassy carbon
“Sigradur® G” purchased from HTW were found to be prom-
ising due to their purity, high melting point and good absorp-
tion of ultraviolet radiation in the vicinity of 337 nm, in this
sense playing a role of the matrix. Small granules (�10 mm) can
be prepared and dried in the form of suspensions in e.g. iso-
propanol, and can also be deposited onto synthetic graphite.
Larger samples can be glued to the aluminum substrate using
conductive silver glue; while the main limitation is their height
<2 mm, they can be in principle up to several cm wide. In Fig. 3,
the photo of the sample target is presented. Here the in-house
made aluminum MALDI plate is modied with glassy carbon
pieces with �0.1 mm deep wells drilled at the surface with
uranium solutions deposited and dried (c), uranium foil used in
optical spectroscopy experiments (a) and small pieces of other
(stainless steel) materials glued to the substrate (b), and
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Diagram of the laser ion source (a) and the timing diagram of
the experiment (b). The sample material is placed at the stainless steel
substrate. The desorption with a focused nitrogen laser is used to
ablate the sample material from the surface. The photoionisation
beams are overlapped and adjusted parallel to the surface at the
distance of <1 mm. The produced ions are extracted through a conical
extraction electrode having a negative potential difference of �1.1 kV
with respect to the target (kept at +20 kV). The photoionisation pulses
delayed �600 ns with respect to desorption. The nitrogen laser beam
repetition rate is 4 Hz and that of the Nd:YAG laser is 20 Hz which
make it possible to overlap the desorption-photoionisation pulses in
time with necessary delay (every 5th Nd:YAG pulse is missed).

Fig. 3 An aluminum sample holder (12 � 8 cm) with a synthetic
carbon plate mounted on top of it. A large solid sample e.g. uranium
foil (a) and st. steel foil (b) can be glued with conductive silver glue. A
smaller grain sample in the form of suspensions and uranium solutions
can be placed into one of the wells drilled at the surface of the carbon
plate (c). Different small plates of the carbon materials can also be
glued to the aluminum plate and serve as a mass spec. reference (d).

Fig. 4 An optical microscopy image of the desorption craters. The
craters from the nitrogen 337 nm laser are visible at the surface of the
glass plate covered with a thin layer of carbon. The plate can bemoved
with stepper motors in precision steps of �21 mm with respect to the
desorption laser. This constitutes the spatial resolution of the method.
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uranium-rich granules in the form of isopropanol suspension
can be seen as well deposited on the Sigradur® G substrate (d).

The spatial resolution of a method is very important espe-
cially in analysis of solid samples. The spatial resolution can be
regarded as the smallest distance between points “a” and “b” of
the sample at which the signal can be detected without inter-
ference from each other.

To determine the spatial resolution we have prepared
a glass plate and deposited a thin (<1 mm) graphite layer by
electroheating of a small piece of glassy carbon to a high
temperature (�2000 C) in a vacuum. The desorption laser was
red (5–10 shots were made at each spot) and the thin graphite
layer evaporated making the desorption craters visible. The
sample holder was moved with the smallest steps of the
stepper motor and the plate was later studied under an optical
microscope. The laser uence was increased to 0.5 J cm�2 from
This journal is © The Royal Society of Chemistry 2019
usual 0.1 J cm�2 in order to increase the crater visibility. In
Fig. 4 the optical image of the desorption craters is presented.
The ellipsoidal form of the craters can be explained by the
desorption beam positioned at an angle to the surface of the
target. The diameter of the craters is <5 mm and the distance
between the craters is �20 mm corresponding to the minimum
step with which the sample can be moved by the electric
motors with respect to the desorption laser beam. This
smallest distance of �20 mm can be regarded as the spatial
resolution of the method.
J. Anal. At. Spectrom., 2019, 34, 1630–1638 | 1633
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4. Laser desorption process and

estimation of the amount of desorbed
matter

Laser desorption is a process of removal of material from the
surface of a sample as a result of interaction with laser irradi-
ation.17,18 The dimensions of desorption craters depend on the
laser wavelength, uence, and pulse duration as well as the
ability of a sample to absorb laser radiation of a certain
wavelength.

During desorption with femtosecond and picosecond laser
pulses of small uences (<1 J cm�2), desorption craters have
a smaller diameter size (<1 mm) compared to those formed
during ns-pulses. At higher uences (>1 J cm�2) the sizes of
craters become comparable.

During desorption with ns-lasers the sample surface is
heated, melted, and the sample material evaporates. With
increasing laser uence to 1 J cm�2, a gradual transition from
the “normal evaporation” phase of the material to the “normal
boiling” phase is observed. For large uences (>1 J cm�2),
desorption enters the so-called “explosive boiling” phase, with
the formation of deep irregular craters and melted edges.
Desorption in this phase is called “laser ablation”.19–22

In the case of our uraniummeasurements the typical uence
of the 337 nm laser is 0.2 J cm�2, corresponding to the “normal
evaporation” phase. The process of melting of a sample mate-
rial can be described by a simple thermodynamic formula:

DEmelt. ¼ Vmelt.(Cr[Tmelt. � 239 K] + Hmelt.r), (1)

where DE is the energy required to melt the sample material,
Vmelt. is the volume of the evaporation zone, C is the heat
capacity of the sample, r is the density, Tmelt. is the melting
point, and Hmelt. is the heat of fusion.

In Fig. 5 a scanning electron microscopy (SEM) image of
a desorption crater formed at the surface of the graphite
Fig. 5 A scanning electron microscopy (SEM) image of a desorption
crater at the graphite substrate formed at the surface after 100 pulses
of the 337 nm laser with �0.4 J cm�2

fluence. The area of the melting
zone determined from the image is �30 mm � 20 mm.

1634 | J. Anal. At. Spectrom., 2019, 34, 1630–1638
substrate aer 100 pulses of the 337 nm laser with �0.4 J cm�2

uence is presented. The area of the melting zone determined
from the image is �30 mm � 20 mm. If we neglect the dissipa-
tion of energy in the melting region, as well as the reection of
light from the sample surface, then the average depth of the
melting zone can be estimated using formula (1): (r ¼
3.5 g cm�3, Tmelt. ¼ 3820 K,Hmelt.¼ 105 kJ mol�1, C¼ 720 J kg�1

K�1) as �7 mm. Thus, with a laser uence of 0.4 J cm�2 aer 100
laser pulses the mass of evaporated graphite is �15 pg.
Depending on the sample material, this number gives an indi-
cation of the method sensitivity during desorption of uranium
from the solid samples.
5. Resonance photoionisation of
desorbed uranium atoms and
selectivity

The important step in the development of the RIMS method is
the search for effective and selective photoionisation schemes.
In uranium photoionisation experiments, uranium foil was
used as a target. Initially only the rst UV laser on Stilbene 3 dye
was scanned with a step of �1 GHz (7.3 � 10�4 nm) and the
photosignal was continuously recorded with a time-of-ight
mass spectrometer. Such “a single colour” photoionisation
scheme employs the same two UV photons with the total energy
exceeding the ionisation potential of the uranium atom. The
second Rhodamine 6G dye laser was scanned at a later stage at
which the second step uranium transitions from the excited
states found previously were recorded. Finally, the 1064 nm
Nd:YAG beam was overlapped with the dye laser beams and the
photoionisation schemes were complete. The most effective
photoionisation schemes found during these experiments are
presented in Fig. 6.
Fig. 6 Most efficient uranium photoionisation schemes. The first UV
transition dye laser works on Stilbene 3 (�1 mJ per pulse) followed by
the second transition excited by the dye laser on Rhodamine 6G (�20
mJ per pulse). A part of the fundamental 1064 nm radiation from the
Nd:YAG laser (�1 mJ per pulse) ionises atoms into the continuum.

This journal is © The Royal Society of Chemistry 2019
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In these three-colour photoionisation schemes, the rst

resonant transition (l ¼ 424.23 nm) from the ground state ([Xe]
5f36d7s2 5L6) is excited by a Stilbene 3 dye laser with a pulse
energy of � 1 mJ. A Rhodamine 6G dye laser (pulse energy � 20
mJ) was used to excite the second resonant transitions (l ¼
578.48 nm, l ¼ 575.428 nm, l ¼ 574.10 nm). The Nd:YAG laser
(l ¼ 1064 nm, 1 mJ) brings the atoms into the ionisation
continuum.

The selectivity of the photoionisation schemes is related to
the resonance signal enhancement. Depending on the laser
power at each step, this can be dened as a ratio of the
magnitude of the signal from resonantly ionised uranium to the
signal from non-resonantly ionized uranium. The resonance
wavelength scan of the rst and second transitions is presented
in Fig. 7. Note that in the case of the scan of the rst UV
Fig. 7 Wavelength scans of the first (a) and the second (b) uranium
atomic transitions. The photoionisation signal enhancement (�an
order of magnitude on the first and �2 orders of magnitude on the
second transition) compared to non-resonant background (when the
laser wavelength is detuned from the wavelength of the transition)
pushes the method sensitivity to a high level making analysis of
uranium isotope ratios at the fg level possible.

This journal is © The Royal Society of Chemistry 2019
transition the laser power was increased to allow for the effi-
cient ionisation of the atoms leading to an increase in non-
resonance UV ionisation. Nevertheless, signal enhancements
for the second transitions are S1 ¼ 27, S2 ¼ 32, S3 ¼ 18 for the
three schemes respectively with a factor of 2 enhancement at
the rst step.
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6. Measurement of uranium isotope
ratios and sensitivity of the method

Detection of uranium isotope ratios is challenging due to large
238U abundances and several orders of magnitude lower abun-
dances of 234,235U isotopes. In some cases, it is important to
determine whether uranium samples have a natural composi-
tion (235U/238U � 0.007) or contain some fractions of enriched
235U (up to several %) or depleted uranium (typically 235U/238U�
0.003). This need oen arises in test laboratories providing
control for unauthorized nuclear activities.23,24 If the fraction of
enriched (or depleted) uranium in the bulk natural samples is
small then the 235U/238U ratio will only slightly differ from the
value of already “small” isotopic ratios of natural uranium.25

In our test experiments the measurement of “small” isotope
ratios was carried out using certied reference samples ob-
tained from the Institute for Reference Materials and
Measurements (IRMM), Belgium (samples IRMM-183*, IRMM-
3184*, IRMM-3185*, IRMM-3186*, IRMM-3187*). The total
uranium content in the samples was �5 � 1013 atoms. To
account for the systematic instrumental errors mainly caused by
isotope fractionation arising during laser ablation and possible
differences in the ionisation efficiencies of the 235U isotope
having non-zero nuclear spin, we adopted a strategy developed
during our previous studies.26–33 The samples were measured by
comparison to standard samples having natural composition,
Fig. 8 A time of flight mass spectrum (�108 molecules) of the
enriched uranium in methanol solution. The photoionisation of atomic
uranium is performed in a three-colour scheme employing 242.23 nm,
575.42 and 1064 nm laser beams. Resonant enhanced photoions of
abundant UO, UO2 species and UC2, formed as a result of laser driven
surface chemistry on the graphite substrate, can be seen.

J. Anal. At. Spectrom., 2019, 34, 1630–1638 | 1635
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Table 1 Isotope ratios of reference uranium standards having different
235,238U isotope compositions detected by the photoionisation mass
spectrometry method. Total uranium content of the samples is 5 �
1013 atoms

235U/238U reference
standard value29

235U/238U
photoionization method

1 0.047326(35) 0.0492(20)
2 0.030786(22) 0.0328(13)
3 0.020062(15) 0.02101(11)
4 0.0072617(51) 0.00715(54)
5 0.0032169(20) 0.00332(36)

Fig. 9 Comparison of the ionisation efficiencies of photoionisation
with the desorption ionisation method (similar to MALDI). The 337 nm
laser “desorption ion” abundances are up to several orders of magni-
tude lower compared to “photoionisation ions” arriving 600 ns later in
the time of flight spectrum. The mass resolution is also better in the
case of photoionisation, because of the tight focus of the laser beam in
the ionisation region (<1 mm above the surface of the sample holder).
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the correction factors were calculated for each isotope, and the
determined isotope ratios values were calculated at the data
analysis stage by determining the area of the peaks (the total
correction for instrumental errors was <5%). The magnitude of
systematic errors and the effect of differences in ionisation
Table 2 Isotope ratios of natural uranium detectedwith the photoionisat
determined using uranium methanol solutions having concentrations var
the measurement of meaningful isotope ratios is still possible with the p

Total U content,
atoms per sample

Amount of desorbed
U, atoms per laser area

1 5 � 108 106

2 5 � 109 107

3 5 � 1010 108

4 5 � 1011 109

5 5 � 1013 1011

6 5 � 1015 1013

7 5 � 1016 1014

1636 | J. Anal. At. Spectrom., 2019, 34, 1630–1638

u

efficiencies of 235U and 238U on detected isotope ratio values can
be seen from Fig. 8 where a mass spectrum of the enriched
�1 : 1 uranium solution is presented. The measurement results
of the 5 reference samples with isotope ratios varying from
depleted (235U/238U ¼ 0.0032) to slightly enriched uranium
(235U/238U¼ 0.047) are presented in Table 1. The errors, that are
2s errors, are calculated from 10 repeat measurements and do
not exceed 7%.

During UV laser ablation, some uranium species become
ionized. In this respect switching to an IR laser producing
a smaller amount of desorption ions and more neutrals will be
more preferable. The sensitivity of the photoionisation method
is higher than those of laser desorptionmethods (e.g.MALDI). A
TOF mass spectrum of a natural uranium solution is presented
in Fig. 9. The rst group is the desorption ions followed by
several orders of magnitude more abundant photoionisation
species. Uranium oxides are the most abundant in solution and
the desorption signal from atomic uranium is low abundant. By
examining the photoionisation process one can notice (in
addition to overall several orders of magnitude higher abun-
dances of the photoionisation species) a signicant resonance
enhancement of the atomic photoionisation signal compared to
oxides. This signal, albeit less abundant, has less probability to
be contaminated with atomic/molecular isobars.

The purpose of the next experiments was to determine the
minimum level of uranium concentrations at which the
measurements of the isotope ratios would have meaningful
results. The atomic photoionisation signal was used for the
calculation of 235U/238U ratios of samples having different
concentrations (5 � 108 to 5 � 1016 atoms per sample or 8 �
10�16 to 8 � 10�8 g per sample, natural uranium composi-
tion).34 The measurement results are presented in Table 2. The
isotope ratios were determined with errors not exceeding 10%
(2s errors) for uranium concentrations down to 5 � 1010 atoms
per sample (or �80 fg per sample). Below this level only
a qualitative analysis is possible, mainly due to the data
acquisition system constraints. The dynamic range of the digi-
tizer card does not allow efficient detection of 235U in the
presence of the 238U signal at low voltage scales. Upgrading the
digitizer card with a higher bit rate and developing soware
allowing alternating acquisition between a higher voltage scale
for 238U and a smaller one for 235U (“a voltage scale switching”)
ionmass spectrometrymethod. A sub-fg detection limit (235U) has been
ying by several orders of magnitude. At these low level concentrations
recision of <7% (2s errors)

235U content,
g per sample

238U content,
g per sample

Experimental
ratios, 235U/238U

6 � 10�18 8.24 � 10�16 Qualitative analysis
6 � 10�17 8.24 � 10�15 Qualitative analysis
6 � 10�16 8.24 � 10�14 0.00752(91)
6 � 10�15 8.24 � 10�13 0.00731 (68)
6 � 10�13 8.24 � 10�11 0.00702 (57)
6 � 10�11 8.24 � 10�9 0.00692 (41)
6 � 10�10 8.24 � 10�8 0.00718 (30)

This journal is © The Royal Society of Chemistry 2019
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could allow for the detection of isotope ratios at much smaller
concentrations.

7. Conclusions

A commercial laser desorption time of ight mass spectrometer
(Bruker Reex 3) has been equipped with a laser ionisation
system consisting of two tunable dye lasers pumped with 355 &
532 nm Nd:YAG lasers. Resonance excitation of uranium atoms
from the ground state via intermediate exciting states followed
by ionisation into the continuum by a 1064 nm beam is an
efficient and isobarically selective way of producing ions from
atomic plumes under vacuum conditions. Resonantly enhanced
ion yields are up to 2 orders of magnitude higher compared to
e.g. desorption ionisation methods similar to MALDI, not only
for the atomic but also for abundant molecular species.

Sample preparation involving the use of aluminium, stain-
less steel or synthetic graphite substrates (in this case playing
the role of the “matrix”) for dried solutions, suspensions of
small particles and solid samples glued to the substrate is
simple and does not include chemical separation and pre-
concentration, and unlike GCMS analysis it does not involve
the use of chemical derivatisation reactions. The sample
material is desorbed from the surface with a spatial resolution
of 21 mm and the neutrals are ionised �600 ns later by the laser
system.

The isotope ratios can be determined for samples containing
trace concentrations of uranium effectively distinguishing
between e.g. natural, reactor or weapon-grade uranium. For
instance, for the samples of depleted uranium having a small
235U/238U ¼ 0.003 ratio it is possible to determine this ratio with
<7% precision (2s errors) for the total concentrations not
exceeding 80 fg per sample.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This work was supported by the STFC GCRF fund [grant number
ST/R002681/1].

References

1 T. B. Cochran, et al., U.S. Nuclear Warhead Production, John
Wiley Press, 1987.

2 D. Holloway, The Soviet Union and the Arms Race, Cambridge
University Press, 2nd edn, 1984.

3 T. B. Cochran, Soviet Nuclear Weapons, Ballinger Pub Co,
1989.

4 K. Janssens, et al., Microscopic X-ray Fluorescence Analysis,
Wiley, 2000.

5 T. R. Ireland, Recent developments in isotope-ratio mass
spectrometry for geochemistry and cosmochemistry, Rev.
Sci. Instrum., 2013, 84(1), 011101.

6 R. E. Russo, et al., Anal. Chem., 2002, 74(3), 70A–77A.
This journal is © The Royal Society of Chemistry 2019
7 M. Karas and F. Hillenkamp, Anal. Chem., 1988, 60, 2299.
8 K. Tanaka, Angew. Chem., Int. Ed., 2003, 42(33), 3860–3870,
The Origin of Macromolecule Ionization by Laser
Irradiation.
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