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To improve the sensitivity of open-air femtosecond-laser-ablation mass spectrometry (fs-LA-MS), an external magnetic field
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was introduced to confine the propagation of the plasma, reduce the plasma neutralization rates, and drive charged particles

towards the MS orifice. Signal-to-noise ratios (SNRs) of trace elements, including Al, Si and Pb, in standard NIST samples
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were obviously improved. The SNR enhancement depends strongly on the direction of the magnetic fields. The maximum

enhancement factors were obtained when directing the magnetic fields towards the orifice of the mass spectrometer. The
enhancement factors (EFs) of 8.30, 8.22 and 8.50 were achieved for 2%Pb, 27Pb and 2%8Pb in pure lead. The limit of detections
(LODs) of 2°6Pb, 207Ph and 2°%Pb were lowered from 9.75, 32.9 and 8.19 ppm to 2.32, 6.02 and 1.98 ppm, respectively.

1. Introduction

Wet-chemistry methods are generally used for processing hard solid
materials, such as metals and rocks, before mass spectrometric
studies, and inevitably introduce undesired pollutants into the
samples. Laser ablation makes it feasible for studying hard solids
without sample pre-treatments,12 especially for hazardous and toxic
materials.3 Laser ablation has been extensively adopted in mass
spectrometry, such as laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS)* and laser ionization mass
spectrometry (LIMS).>11 Both techniques have achieved LODs below
ppm in a controlled environment or a vacuum chamber-.3 So far, only
limited studies were reported on open-air LA-MS for studying hard
solid materials. He et al.3 reported ambient air LA-MS elemental
analyses by combining laser ablation with an ambient mass
spectrometer without sample pre-treatments and buffer gases.
However, due to the low ionization rate in the nanosecond-laser-
induced plasma and low sample collection efficiency of the ambient
MS, the sensitivity of the ambient LA-MS is relatively low, which
limits its extensive applications, especially in studying solid materials.

To address the challenges and improve the sensitivity of the
open-air LA-MS, we combined femtosecond (fs) laser and magnetic
field to increase plasma ionization rates, confine plasma propagation,
and direct the movement of ions. Due to its unique strength in
effective material ionization and precise ion species ratios, fs-laser
ablation is suggested to be more suitable than ns-laser ablation in
ionizing solid samples for elemental analysis.’213 In addition, an
external magnetic field has been demonstrated to be effective in
confining plasma propagation and directing the movement of
charged particles, leading to increased plasma ionization ratios!4 13
and collection efficiency of the MS.16 17 Based on the phenomena
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above, the sensitivity enhancement of the open-air fs-LA-MS was
investigated by configuring the external magnetic fields with respect
to the direction of the MS orifice. Sensitivity improvements of trace
amount of Al, Siin NIST 1762 sample, and Pb in NIST 494 sample were
investigated using the magnetic-field-enhanced open-air fs-LA-MS.
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Fig. 1. Experimental setup of magnetic-field-enhanced open-air fs-
LA-MS.

2. Experimental

The experimental setup used in this study is shown in Fig. 1. A near
infrared (NIR) femtosecond (fs) laser (PolarOnyx Laser, Inc., Uranus
3200-1030-0800-PM, central wavelength of 1032 nm, pulse duration
of 600 fs, pulse energy of 150 wJ, and repetition rate of 150 KHz) was
used as the irradiation source. The laser beam was focused onto a
target at an incident angle of 90°. A sample target was placed in open
air without any pre-treatment. A time-of-flight mass spectrometer
(TOF-MS) (AccuTOF™, JEOL USA, Inc.) was used as the analyzer. All
mass spectra were acquired in the positive ion mode. The voltages of
the outer and inner orifices were set to be 30 and 5 V, respectively.
The temperature of the skimmer cone was fixed at 100 °C. The
acquisition range was 10-600 m/z with an acquisition time of 1 min.
Every experiment was repeated 5 times.

A permanent magnet with a size of 3x1x1 in.3 was used to create
magnetic fields. The magnet was fixed with the center axle direct to
the plume generated from the sample by the fs laser as shown in Fig.
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1. A Gaussian meter (Model 5080, Bell technologies Inc.) was used
for measuring magnetic fields. Pure lead and standard NIST samples
(494, 495, 498, 500, and 1762) were studied. Table 1 shows the
concentrations of Al, Si, and Pb in corresponding NIST samples.

Table 1. Concentrations (ppm) of the trace elements, Al, Si and Pb,
in the NIST samples.

NIST# 1762 494 495 498 500
Al 706 - - - -
Si 3510 - - - -
Pb - 265 3.25 10 128

3. Results and discussion

3.1. Magnetic-field-enhanced MS signal intensity

Mass spectra of NIST 1762 and 494 samples were measured with and
without the presence of an external magnetic field, respectively.
Figure 2 shows the mass spectra of trace-amount of Al, Si, and Pb in
NIST 1762 and 494 samples, respectively, with and without an
external magnetic field (central magnitude ~ 0.25 T). The magnetic
field is set to be along the Y axis as shown in Fig. 1. The samples were
ablated by fs laser pulses with a peak power of 1.3 x 1013 W/cm2,
Table 2 lists the average signal-to-noise ratios (SNRs) of the
measured elements with and without the magnetic field. As shown
in Table 2, the average SNRs of Al, Si, 26PbOH, 207PbOH, and 208PbOH
in NIST 1762 and 494 samples without the presence of the magnetic
field are 35.48, 7.97, 3.88, 2.25, and 4.02, respectively. Under the
assistance of the external magnetic field, the corresponding SNRs are
obviously increased to be 238.65, 41.14, 12.44, 4.79, and 15.05,
respectively. As shown in Fig. 2, it is obvious that without the
presence of the magnetic field, the Si and 207PbOH signals are barely
discernible compared to the background noise. However, with
assistance of the magnetic field, both are clearly identified in the MS
spectrum. The enhancement factors (EFs) were calculated using the
SNRs of the trace elements with the presence of the magnetic field
divided by the SNRs without the presence of the magnetic field. The
enhancement factors for Al, Si, 26PbOH, 207PbOH, and 298PbOH are
6.73, 5.16, 3.21, 2.13, and 3.74, respectively. The difference of the
enhancement factor is ascribed to the velocities and different atomic
weights of the charged particles.181° For 206PbOH, 297PbOH, and
208phOH, they have very similar atomic weights and laser-ablation-
induced velocities. The enhancement factors are in accord with their
abundances in the sample.
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Fig. 2. MS spectra of Al, Si, 2°6PbOH, 207PbOH, and 2°8PbOH in NIST
1762 (a) and 494 (b) samples measured using the open-air fs-LA-MS
with and without the external magnetic fields (0.25 T).

Table 2. EFs of Al (NIST 1762), Si (NIST 1762), and Pb isotopes (NIST
494) under the influence of the magnetic field.

Peaks Al Si 206phOH  207PbOH  208PhOH
Without 3548  7.97 3.88 2.25 4.02
SNR B +9.05 +£1.00 +0.69 +0.53 +0.52
With 238.65 41.14 12.44 4.79 15.05
B +23.39 #3.70  #1.46 +0.83 +1.23
EF 6.73 5.16 3.21 2.13 3.74

3.2. Direction effect of the magnetic field

The MS enhancement factors are dependent on the direction of the
magnetic field with respect to the MS orifice. In this study, the
magnet was placed along the X (B) and Y (By) axes, separately. Both
Bx and By were fixed at 0.25 T (central magnitude). The magnet and
plasma center were tuned to be coaxial. Figure 3 shows the mass
spectra of the pure lead with the magnetic fields along the Y axis
(blue line), X axis (red line), and without magnetic fields (black line),
respectively. It is observed that almost all signal intensities of Pb and
PbOH, including corresponding isotopes, are enhanced with the
presence of the magnetic fields (both along the X and Y axes). Table
3 lists the enhancement factors of major signals shown in Fig. 3. As
shown in Table 3, the enhancement factors of signals obtained with
By are several times larger than those with Bx. The enhancement
factors of element Pb isotopes are much higher than those of PbOH.



The enhancement factors of different Pb isotope compounds
(296PbOH, 207PhOH, 208PbOH) in pure lead are similar (Table 3), which
are different from the results obtained from NIST 494 sample (Table
2). The measured PbOH signal is formed by laser ablated Pb reacting
with O, and H,O in open air. In NIST 494 sample (Table 2),
concentrations of Pb isotopes (ppm levels) are much lower than the
concentrations of O, (21%) and H,0 (1% to 0.4%). Therefore, the
reaction rates are decided by the corresponding Pb isotope
abundances. However, in pure lead sample (Table 3), H,0 in open air
is much less than required to achieve complete reactions with Pb.
Therefore, the reaction rates are decided by the concentration of
H,0 in open air which is a constant.

3.3. Mechanisms of the magnetic-field-enhanced open-air fs-LA-MS

The MS signal enhancement shown in Figs. 2 and 3 is ascribed to the
Lorenz force exerted on charged particles when moving in an
inhomogeneous magnetic field, which results in the following three
phenomena. The first is reduced plasma propagation rates which
result in increased plasma density and prolonged plasma duration
time for MS sampling. The second is increased plasma ionization
rates due to increased number of collisions within a certain unit of
time. The third is enhanced drifting of charged particles towards a
weaker field when moving in a magnetic field gradient.
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Fig. 3. The influence of magnetic field direction on the open-air fs-LA-
MS analysis of pure lead sample: no magnetic field (black line),
magnetic field along the X axis (red line), magnetic field along the Y
axis (blue line).

Table 3. EFs of Pb and PbOH from a pure lead sample with a magnetic
field along X and Y axes, respectively.

Peaks 206pp 207ppy 208ppy 206phOH  27PhOH  26PhOH
Bx 171 171 172 080 0.79 081
By 830 822 850 215 2.13 2.02

When the magnet was placed along the Y axis, the propagation
of the plasma along the X and Z axes are both suppressed by the
Lorenz force (F = ¥ X B for cations, and F = —% x B for anions).
The confinement of the plasma propagation induced by the magnetic
field leads to an increased plasma density and a prolonged plasma
life time.1420-22 With the increased plasma density, MS can sample
more charged particles at a certain unit of time. Similarly, the
prolonged plasma life time also increases the amount of charged
particles sampled by MS. Besides, the increased plasma density

increases numbers of collisions and results in the increased
ionization rates within the plasma.2122 When the magnetic field was
placed along the X axis, the propagation of the plasma along the Y
and Z axes are suppressed. This configuration plays the same role in
increasing the plasma density and prolonging the plasma life time
with the magnet placed along the Y axis. However, the propagation
along the Y axis, which is the direction towards the MS orifice, is
suppressed. This is the reason why the enhancement factors with the
presence of By are lower than those with the presence of B, as shown
both in Fig. 3 and Table 3.

The third effect comes from the inhomogeneous magnetic fields.
When a charged particle moves through a magnetic gradient, it tends
to drift towards a location with a weak field.1” By appropriately
placing the magnetic field gradient and pointing the weak field
towards the MS orifice, the charged particles move towards the MS
orifice and increase collection efficiency of the MS.

3.4. Limit of detection (LODs)
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Fig. 4. Calibration curves of lead isotopes (a) 2°5PbOH, (b) 2°7PbOH,
and (c) 298PbOH in the standard NIST samples with magnetic field (red
line) and without magnetic field (black line).

To investigate the limits of detection (LODs) in the magnetic-field-
assisted open-air fs-LA-MS, calibration curves of lead isotope
compounds with the magnetic field along the Y axis were plotted as
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shown in Fig. 4. NIST 494, 495, 498, and 500 samples were used as
standard samples with the concentrations of lead listed in Table 1.
Linear fits were performed using ORIGIN 8.5 with lead concentration
and MS signal intensity without magnetic field and with magnetic
field along the Y axis, respectively. According to the International
Union of Pure and Applied Chemistry (IUPAC) criteria,?3 the LOD is
defined as,
LOD = 30/S,

where o is the standard deviation of the background, and S is the
slope of the calibration curve. As shown in Fig. 4, the LODs of lead
without the magnetic field are 9.75, 32.9, and 8.19 ppm for 2°6PbOH,
207PhOH, and 208PbOH, respectively. With the presence of the
magnetic field, the LODs of lead were improved for all isotope
compounds which reached 2.32, 6.02, and 1.98 ppm for 20PhOH,
207PhOH, and 2%8PbOH, respectively. The improvement factors (LOD
without magnetic field divided by that with the magnetic field along
the Y axis) are 4.2, 5.5 and 4.1 for 205PbOH, 207PbOH, and 29¢PbOH,
respectively.

4. Conclusion

Magnetic-field-enhanced open-air fs-LA-MS has been developed.
Both signal strength and LODs of solid materials are improved by
deploying external magnetic fields in the open-air fs-LA-MS. Guided
by the Lorentz force, the improved sensitivity is ascribed to the
reduced plasma propagation, prolonged plasma life time for MS
sampling, increased plasma ionization rates, and enhanced drift of
charged particle towards a weaker field when moving in a magnetic
field gradient. The magnetic-field assistance enables the open-air fs-
LA-MS a viable technique for studying hard solids without sample
pre-treatments.
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