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Abstract

Hydrogen atoms are ablated from zirconium alloys into the gas phase by a pulsed Nd:YAG laser and photo-ionized
with three photons at 243 nm via the two-photon Is 2S1/2-2s 2 S 1 / 2 resonant transition. A determination of the
effective ls-2s two-photon excitation cross-section is necessary to quantify the hydrogen atom density in the ablation
plume. A measurement of the ion signal vs. photo-ionization beam energy is fitted to an expression derived from the
rate equations. The temporal and spatial properties of the photo-ionization laser beam, transit of the H atoms
through the beam, and detector geometry are taken into account. The effective two-photon cross-section for this
experimental configuration, derived with the rate equation formalism, is 3.3 ± 0.8 X 10~28 cm4 W"1. This compares
well with the ab initio prediction of 5 + 1 X 10"28 cm4 W"1 under these experimental conditions. Crown Copyright
© 2000 Published by Elsevier Science B.V. All rights reserved.

Keywords: Resonance ionization MS; Hydrogen; Cross-sections; Laser ablation

1. Introduction knowledge of RIS cross-sections is often required.
Accurate determinations of these photo-excita-

Resonance ionization spectroscopy (RIS) is tion cross-sections are difficult for many reasons,
becoming an important tool for chemical analysis. T h e m a i n challenge is to determine precisely the
To develop quantitative analytical techniques, a spatial and temporal properties of the laser beam

at the focal interaction region. The simplest
method for determining a multiphoton cross-sec-

*„ ,. ,u T- i , 1 £-11 co, con . -in*. tion is by using rate equation formalism. A mea-
Corresponding author. Tel.: +1-613-584-8811, ext. 3172; J t> M

fax: +1-613-584-1220. surement of the ion signal vs. the photo-ioniza-
E-mail address: bickelg@aecl.ca (G.A. Bickel) tion beam energy is fitted to an expression
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derived from the population rate equations (PRE).
The use and validity of the rate equation formal-
ism have been discussed extensively in the litera-
ture [1-6]. This approach can be used when the
laser irradiance is not excessively high and coher-
ence effects can be ignored. Because the hydro-
gen atom cross-sections can be calculated from
first principles [7-12], experimental data for
hydrogen are a good test of the rate equation
approach for measuring cross-sections.

In this study, the effective two-photon excita-
tion cross-section was required to quantify the
hydrogen concentration in laser ablation plumes.
Laser ablation has been investigated for profiling
hydrogen concentrations in zirconium alloys
[13-15]. Hydrogen in the alloy can be released in
the elemental form by thermal vaporization of the
alloy under a vacuum with a low-to-moderate
fluence ablation laser. The ablated hydrogen
atoms are photo-ionized with three photons at
243.06 nm via the two-photon Is 2S ] / 2-2s 2 S ] / 2

resonant transition. This photo-ionization scheme
was very efficient giving good signal levels from
alloy samples containing less than 1 |xg g"1

(< 0.01 atom%) hydrogen content.

2. Experimental

Details of the experimental setup have been
previously described [13]. Briefly, the ablation
laser was a Q-switched Nd:YAG operating at 1.06
|j,m. A 'top hat' spatial profile of the ablation
beam was imaged to a diameter of 300 |xm and a
fluence of 2 J cm"2 on the sample surface. The
ablation beam energy was monitored with a pyro-
electric energy meter (Laser Precision RJP-735
probe and RJ-7620 meter). The photo-ionization
laser was an XeCl Excimer-pumped Coumarin
480 dye laser that was frequency doubled in BBO
to provide up to 2 mJ of beam energy at 243 nm.
This elliptical beam was focused using a 30-cm
lens. The radial profile of the focal spot was
Gaussian with 1/e2 radii of 38 and 46 |xm as
determined by the translating knife edge tech-
nique. The temporal distribution of the photo-
ionization pulse was measured with a fast photo-
diode (Trjse = 200 ps), and is well described by a

triangle function envelope with FWHM of 5 ns
containing mode beating structure. The pulse-
averaged bandwidth, as measured with a
Fabry-Perot etalon, was 0.1 c m 1 at 243 nm.

The ablated sample was a Zr-2.5 wt.%Nb metal
alloy coupon, with a hydrogen concentration of
approximately 10 \ig g"1, that was mounted with
its surface normal to the ion axis of a linear
time-of-flight (TOF) mass spectrometer (see Fig.
1). The ablation laser beam was incident on the
sample at an angle of 37° to the surface normal
and intersected the sample surface on the TOF
ion axis. The photo-ionization laser beam passed
5 mm above and parallel to the sample surface,
with the beam focused at the TOF ion axis. The
circular aperature of the first acceleration plate
only allowed transmission of ions that were
formed within a 1-mm segment of the photo-ioni-
zation laser beam focus. The photo-ionization
laser pulse was delayed with respect to the abla-
tion laser pulse by 0.8 (JLS. Consequently, only
atoms traveling with a velocity of 6.5 ± 0.1 X 103

m s"1 could be ionized and detected.
Variable attenuation of the photo-ionization

laser beam energy was achieved by passing the
beam through a dielectric mirror that was coated
for maximum reflectivity (minimum transmission)
for /^-polarized 243-nm light at 45°. Rotating this
dielectric in the s-polarized orientation, allowed
for continuous adjustment of the transmitted
beam energy. Beam walk off was compensated

Pb

Fig. 1. The ablation and ionization region of the TOF mass
spectrometer, b, back plate at ground potential: a. first accel-
eration plate at —500 volts; s: Zr-2.5Nb sample: i, TOF ion
axis; ab, ablation laser beam; pb, pholo-ioiii/alion laser beam.
See text and [13] for more details.
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with a matched quartz flat rotating with the
dielectric mirror simultaneously in the opposite
direction. The photo-ionization beam energy was
monitored with a joulemeter (Molectron J3-09).

As the photo-ionization beam energy was var-
ied, the photo-ion signal, ablation beam energy
and photo-ionization beam energy were acquired
for each ablation/photo-ionization pulse event.
All of the data were sorted with respect to the
photo-ionization beam energy into intervals 0.01
mJ wide. Approximately 25 events (pairs of
photo-ion signal and ablation beam energy) were
obtained for each photo-ionization beam energy
interval. The amount of material ablated depends
strongly on the ablation beam energy and hence,
the photo-ion signal dependence on the pulse-to-
pulse fluctuations in the ablation beam energy
must be removed. For each photo-ionization beam
energy interval, the photo-ion signal was fitted as
a function of the ablation beam energy. The
photo-ion signal could then be normalized to any
ablation beam energy, within the range of the
data, by interpolation. This normalized ion signal
is plotted as a function of photo-ionization beam
energy in Fig. 2. The error bars in Fig. 2 represent

ICT uncertainty for the normalized photo-ion sig-
nal determination.

3. Results and discussion

Fig. 3 shows the energy levels for this atomic
system. The relevant rate equations for this exci-
tation scheme are:

f

dn1

~3T = kin0-in0

dn
df

£=kin,

(1)

(2)

(3)

where k0 is the spontaneous emission rate, k1 is
the two-photon absorption rate, k_1 is the stimu-
lated emission rate, k2 is the ionization rate, kp is
the irreversible loss rate, n0 is the population of
the Is 2 S 1 / 2 ground state, nx is the population of
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Fig. 2. Photo-ion signal as a function of photo-ionization beam energy. The error bars represent l a uncertainty for each individual
measurement. The solid line is the fit to the population rate equation model. The weighted residuals of the fit are shown below the
data.
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the coupled 2s 2Sjj ] / 2 and 2p 2 P 1 / 2 resonant inter-
mediate states, and nc is the population of ions.
These three coupled first-order linear differential
equations have been solved explicitly for tem-
porally and spatially invariant laser pulses [5,6]
using standard techniques. However, the differ-
ential equations cannot be solved analytically for
the general case of temporally varying laser pulses.
In that case, a simple approach to a solution for
nc, is to decompose the temporal dependence
into small time steps (Af). The number of ions
formed during each individual time step are cal-
culated from the solution for a temporally invari-
ant laser pulse of width At. The populations, n0

and Hj, determined for each time step, are used
as the initial populations for the subsequent time
step, and nc is accumulated over the duration of
the pulse to yield the total number of ions formed.
An expression for nc, for a temporally invariant
laser pulse of width At, and with arbitrary initial
populations nQ and nx is given in Appendix A.

For each time step, integration of nc as a
function of irradiance over the spatial extent of
the beam must be carried out to provide the
cumulative ion yield. The Rayleigh length of the
photo-ionization beam focus is ~ 20 mm, signifi-
cantly longer than the 1-mm photo-ionization seg-
ment that could be detected by the TOF mass
spectrometer. As a result, the axial spatial depen-
dence could be neglected and integration was
only necessary over the Gaussian radial profile of
the photo-ionization beam. The motion of the
atoms must also be considered. For the case
presented here, the hydrogen atoms result from
the transient ablation event, and are moving per-
pendicular to the laser beam at a velocity of
6.5 X 103 m s"1. This unidirectional motion of
the atoms through the beam was accounted for by
shifting the populations in each spatial element
after each time step, according to the atomic
velocity.

There are more parameters in the PRE model
than can be determined from the data repre-
sented in Fig. 2. However, some of the rate con-
stants can be fixed to the ab initio values [7-9].
Normally the 2s 2 S 1 / 2 state is metastable, how-
ever, the 2s 2 S 1 / 2 and 2p 2P 1 / 2 states are coupled
because of the electric field in the TOF and

Fig. 3. Simplified energy levels for 2 + 1 resonant photo-ioni-
zation of the H atom. The solid arrows indicate photon
absorption and the open arrows indicate the excitation, decay,
and loss processes described in the text, ip, ionization poten-
tial, |c), ionization continuum.

hence, radiative decay is dipole allowed. For this
TOF configuration, the electric field is 200 V
cm"1 and the lifetime of the coupled 2s 2 S 1 / 2 and
2p 2P 1 / 2 state is 1.6xl0"9s, essentially the
lifetime of the field free 2p 2P 1 / 2 state [7]. The
spontaneous emission rate, k0, is then 6.25 X 108

s"1. The photo-ionization rate, k2, from the cou-
pled 2s 2 S 1 / 2 and 2p 2 P 1 / 2 state is calculated
from the tables of Peach [8] and the formalism of
Burgess and Seaton [9] to be 6.7 X /, where / is
the irradiance in W cm"2. Other than the motion
of the atoms through the beam, there were no
irreversible loss terms and hence, k is set to
zero.

Fig. 2 shows the outcome of the weighted least
squares fit of the data that results in A:,//2 = 4 +
1 x 10"10 cm4 W"2 s"1. The effective experimen-
tal cross-section, given as kx/I

2, becomes aeff =
3.3 ± 0.8 x 10"28 cm4 W 1 . The determined value
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of k{ depends strongly on the radial beam profile
and temporal pulse profile used in the calcula-
tion. For instance, if a 'top hat' temporal pulse is
used instead of the observed triangle function,
the fitted value for k} will be lowered by 33%.
Poor estimates of the beam geometry and tem-
poral pulse profiles will always yield a good fit,
however, with an erroneous value for kv This is
because the shape of the photo-ionization curve
in Fig. 2 is largely insensitive to kx, and kx is
essentially determined by the scaling of the beam
energy axis. Consequently, the reported error bar
on aeff does not reflect the quality of the regres-
sion but is predominately the uncertainty in the
experimental spatial and temporal beam parame-
ters. Similarly, a good fit will be obtained if the
motion of the H atoms through the beam are
neglected, but the fitted value for kx will be 20%
too low.

The effective ls-2s two-photon cross-section,
measured in this work, can be compared to that
calculated from first principles. The ab initio ls-2s
two-photon cross-section for the hydrogen atom
is given by the expression [10]:

a = 2.75 X 10"17(cm4 sW"1) g(Afl) G(2) (4)

where g(AO) is the spectral linewidth function
and G(2) is the two-photon statistical factor [16].
The dye laser pulse used in this work was
incoherent and therefore, G(2) has a value of 2
[16]. The spectral linewidth function for these
experimental conditions is given as:

41n(2)\ 1/2

,1/2
(5)

where AooD and Au>L are the Doppler width and
laser linewidth, respectively [16]. For laser ablated
species, the Doppler width is determined from
the velocity spread of the atoms in the expanding
plume that intersect the photo-ionization laser
pulse and are detected in the TOF. AiaD was
taken as the observed transition linewidth of 9.4
±1.9X1O10 s"1 and A«L = 1.88 ± 0.38 X 1010

so that g(Afl) = 9.6 + x 10~12 s"1. The

value of CTeff, predicted from Eq. (4) for our
experimental conditions, would then be 5 ± 1 X
10~28 cm4 W~\ which is in good agreement with
the measured value.

4. Conclusion

This work has shown that an effective ls-2s
two-photon cross-section for hydrogen can be de-
termined using the population rate equation
model. The determined effective two-photon
cross-section (3.3 + 0.8 X 10~28 cm4 W"1), com-
pares well with the ab initio value (5 + 1 X 10~28

cm4 W"1) and serves to validate this approach.
An accurate cross-section determination required
careful measurement of the temporal and spatial
beam properties of the photo-ionization laser
beam, and proper consideration of detector
geometry and atomic motion.

Initially, this work was undertaken to calculate
the hydrogen atom density in the ablation plume
generated from Zr-2.5%Nb material [13]. The
effective cross-section determined in this study,
provides the means to quantify the hydrogen atom
density. In cases where external or internal stan-
dardization is difficult or not possible, accurate
cross-section determinations are essential for
quantitative chemical analysis utilizing RIS.

Appendix A: Solution to the rate equations for an
invariant laser pulse and general initial
populations

The three coupled differential equations [Eqs.
(l)-(3)] can be solved for temporally varying pulse
shapes by dividing the temporal dependence into
small time steps (At). Each time step can be
treated as a temporally invariant laser pulse of
width At. An analytical solution can be found for
each time step from the boundary conditions
determined by the solution to the previous time
step. The solutions for a temporally invariant
laser pulse of width At and with general initial
populations are:
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B

exp(X2Ar)

exp(X3Ar)

B
'3 exp(X3AO

X
k + X2)

C,
n, =

where the superscript i indicates the initial popu-
lations (i.e. the final populations from the solu-
tion to the previous time step).

o fc,
>A0 + lf x7exP (X3AO References

where:

+ T^

5 = 1 / 1 +

and:

- - 1 1 "-0 ' "-P ' ' V 3 « - 2

with:

Applying the boundary conditions provides the
required values for the Cs:

C, = n',

- n[(k_, + k2 + k0 + k + X2)
X3X2

C , =
An\

exp(X2AO exp(X2Ar)

X
X3 - X2
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