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Resonant photoionization of Nil into autoionizing states
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(Received 22 March 1996

Two-step resonant photoionization of free Ni atoms is studied by one-color and two-color processes, using
pulsed lasers with photon energies around half the ground-state ionization energy. Two-color two-step reso-
nance ionization from the ground stat€'F, and the first metastable state€’D; via the triplet stateg G 4 5
was used to probe the autoionizing states just above the ionization limit. Several strong lines in the one-color
ionization spectrum are explained as direct two-photon transitions to autoionizing states. Photoionization cross
sections were deduced from saturation measurements. The large cross sections observed for specific one-color
two-step transitions are due to the near double resonant excitation into autoionizing states.
[S1050-29476)01109-3

PACS numbg(s): 32.80.Rm, 33.80.Rv, 32.80.Dz, 32.80.Fb

[. INTRODUCTION charged clusters. Resonance ionization spectroscopy offers a
sensitive experimental tool for determining the population of
Multistep resonant ionization spectroscofiRlS) using the metastable stat¢6,7].
pulsed lasers has proven its usefulness and versatility in vari- In this paper we will compare the photoionization of Ni
ous physical and chemical applicatioiig. Benefit is taken by one-color and two-color two-step processes using laser
of the large sensitivity and the inherent element selectivity ofhoton energies around half the ground-state ionization en-
RIS; for example, in trace analysis, surface analysis studie€rgy- The experimental apparatus is briefly described in Sec.
and h|gh|y efficient laser ion sources. In many cases, espél.. In Sec. “l, we first treat one-color resonant ionization.
cially for the study of elements with high ionization poten- Next, the determination of autoionizing states near the first
tials, several photons with different energies are needed t9nization limit is presented and used to interpret the one-
ionize the atoms. This requires the availability of rather com-color two-step ionization spectrum. Finally, saturation mea-
plicated laser setups and can seriously hamper the routirf@rements are reported frpm which ior_nization cross sections
application of RIS. One of the most frequently employedare deduced. These are discussed in view of the enhancement
resonance ionization schemes is the so-called two-color twc?f photoionization efficiencies for processes involving au-
step process with the first stéexcitation tuned to a strong tolonizing states.
atomic transition, and the second st@pnization resonant
to an autoionizing statg2,3]. This implies the use of two Il. EXPERIMENTAL SETUP
tunable and synchronized laser systems. In some cases this
scheme can be simplified by using the same photon energy The experiments were performed with a resonance ioniza-
for both the excitation and the ionization stépne-color tion mass spectrometry setup, schematically presented in Fig.
two-step procegsHowever, this often leads to a much lower 1. Ni atoms are produced in ultrahigh vacugm10° hP3
ionization cross section and therefore also to a significany continuous sputtering of a polycrystalline Ni fgpurity
reduction in ionization efficiency. Only if the frequency of 99.9% with 12-keV Ar ions (ion beam current about 1.6
the resonant excitation step precisely matches a transitionA) at 45° incidence angle. The plume of atomized atoms is
from the excited state into an autoionizing state, will thethen irradiated by tunable UV laser light about 3 mm above
ionization cross section be optimum. Furthermore, since théhe sample. The Ni atoms are ionized by one- or two-color
cross section for ionization is largest just above the first ioniwo-step processes and electrostatically extracted and fo-
ization limit, the excitation step and thus also the intermedicused into a reflectron time-of-flight spectrometer, where
ate level should be chosen at an energy just above half tHéey are detected mass selectively with a mass resolution of
ionization potential.
Our study of resonance ionization of Ni is related to two

different RIS applications. The first one is the production of fonizing fon Gun
ion beams of short-lived isotopes far from stability by means Lasers
of a laser ion source. For the efficient production of Isjfr‘;%ljcﬁon flectron Time.of Flisht
contaminant-free Ni ion beams, maximum benefit was taken Mass Speciromtetor
from the experimental simplicity of the one-color two-step

resonant ionization scheme for [¥,5]. A second research W

topic is the study of the atomization processes of metals
(e.g., Ni and Co during energetic beam-solid interactions
(i.e., ion beam sputtering or laser ablaioim such atomiza-

tion processes, several excited states of the neutral atom are
populated, apart from the production of ions and neutral or FIG. 1. Resonance ionization mass spectrometry setup.
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——— ———— T a wavelength extendedSP WEX-1, pumped by a
1 £ neodymium-doped yttrium aluminum garr(dtd: YAG) laser
i ] (SP GCR-12 With the laser dye DCM used and the KP

frequency-doubling crystal, light with wavelengths between
313 and 335 nm and linewidths less than 0.4 Liis gener-
ated. The second laser system consists of an optical paramet-
ric oscillator (SP MOPO-73D pumped by a Nd:YAG laser

I (SP GCR-230-1) yielding laser light tunable from 450 to
001 & 3 1600 nm with a 0.2-cm® linewidth. This laser light is also

i ] frequency doubled by KEP crystals in a wavelength ex-
tender(SP WEX-J). The time overlap between the two laser
pulses is controlled by a high precision digital delay genera-
tor (Stanford Research Systems DGh35
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FIG. 2. One-color two-step resonance ionization spectrum of
Ni 1. Ill. MEASUREMENTS AND DISCUSSION

. A. One-color two-step resonant ionization of Ni
about 1000 at 58 amu. The mass selectivity allows an unam- P

biguous assignment of all observed transitions to. N\ In a first experiment thene-colortwo-step resonant ion-
more elaborate description of the spectrometer will be givenzation spectrum for Ni in the wavelength interval between
elsewherd7]. 313 and 335 nm was recorded. Laser light from the dye-laser

Two pulsed laser systenfeepetition rate of 10 Hz, pulse system with an intensity of-15 MW/cn? was used. The
length of about 6 nNsare used. The first consists of a pulsedionization spectrum is shown in Fig. 2 and in Talbla list is
dye lasefSpectra-PhysicéSP PDL-3] in combination with  given of those resonances observed with an ion signal larger

TABLE I. Resonances observed in the one-color two-step resonance ionization processlofthNg first column the photon energy is
given with an experimental error of 0.7 ¢th Resonance lines corresponding to known transit[@®@] are identified in column two. An
asterisk is printed for the transitions assigned as direct two photon transitions to autoionizin¢ss&fEable Il]. Resonances marked with
a double asterisk could not be identified. Relative intensities are given in the third colithim brackets for overlapping lines, see Fig. 2

Photon Resonance Relative Photon Resonance Relative
energy(cm™ %) transition intensity energy(cm ) transition intensity
29942.6 b!D,— P9 0.09 30979.7 a’F,—z %G9S (1.00
30132.6 o 0.05 31012.9 * 0.05
30201.1 alD,— °F) 0.06 31031.0 a’F,—z 'Y 0.08
30412.1 b!D,— 3PY 0.04 310435 * 0.05
30561.8 a®D,—z'DY 0.03 31111.3 ** 0.02
30572.4 b!D,— °DY 0.04 31236.8 a®Dy;—z DY 0.14
307485 * 0.04 31269.2 a®D,—z Py 0.02
30 756.2 * 0.15 31323.7 * 0.03
30765.7 a’F,—z P9 (0.09 31394.3 a’F,— °F) 0.11
30773.3 * 0.72 31407.5 a®rP— °DY 0.03
30775.0 a ®Dy;—z 5G] (0.78 31420.3 a®pP,— °D} 0.02
30781.8 * (0.42 31474.1 a’pr,— °pY 0.02
30790.0 * 0.40 31529.5 a®pP,— °DY 0.02
30823.7 * (0.66 31581.4 a ’D3—z 3G} 0.36
30 826.2 a®Dy—zF}Y (0.64 31594.8 adp,— 533 (0.03
30839.1 * 0.33 31596.5 o (0.03
30870.8 * 0.02 31601.0 o (0.03
30884.6 * 0.06 31641.2 a’F;— °FY 0.01
30891.4 * 0.25 31690.8 a®pP,— °DY 0.08
30906.3 a3D,—z 3G} 0.17 31718.4 o 0.06
30913.0 a’P,— °P9 (0.19 31760.1 b 0.02
30921.5 * (0.96 31780.2 a’F;— °FY 0.03
30922.7 a’F,—z3GY (0.96 31786.2 a’F,—z3GY 0.07
30931.0 * (0.59 31814.8 o 0.05
30953.4 * 0.06 31897.8 a’D,— °DY 0.05

30974.2 * (0.26
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FIG. 4. The ionization spectra showing autoionizing states with
2<J<6.
10000 1 metastable states, a reference measurement is performed, un-
der identical conditions, with light input only from the sec-
] ond laser. The difference between the two-color two-step and
one-color two-step spectra then yields the continuum spec-
0- B P trum. Nevertheless, in the vicinity of the one-color reso-
aD a’F nances, the continuum spectrum remains very noisy.
_ ) _ In Fig. 4 experimental results are given for which the
FIG. 3. Partial energy level scheme of INishowing all meta-  {ransitions a 3|:4_,Z 3Gg, a 3D3—>Z 3G 91, and

i 0 i i i o .
stable states and the triplefG 3,4,5 Used as intermediate levels in 4 3F4Hz 362 were used as excitation steps. From a direct

the _twg-color two-stt_ap ?onization scheme. The transitions used aéomparison of the recorded spectra, the angular momenta of
excitation steps are indicated. the autoionizing states can be determined. The use of
& 363,4,5 as intermediate states enables the determination of
continuum states with angular momentum betwéei2 and

=6.

In Table Il the autoionizing states determined in this

avork, including their angular momentum as extracted from

ur measurements, are listed. Due to low statistics and over-

together with some transitions originating from high-lying apping lines in the spectra, some of the angular-momentum

metastable states. They are identified in the second colunfipSignments are not completely ungmb|guous. For t_he_se
of Table I. The population of high-lying states of Ni by sput- states the mos; probablg values are given in T_able I .W'th'n

tering will be discussed in Ref7]. Apart from the reso- brackets. Also included in Table Il is an indicative estimate

nances corresponding to known atomic transitions, manrgf f[he width of th.e.aut0|_on|zmg states. The measured lin-

relatively strong narrow lines show up that have not bee widths (v) are divided into three ranges: narrqw<5

observed before. These resonances will be discussed usiff ), |[1;[ermed|a_te(5 cm “<w<20 cm )'. and_ wide (w
the data of Sec. Il B. =20 cm 7). The width of the experimental lines is, to a large

extent, determined by the intensity of the ionizing laser pulse
and therefore contains only indicative information on the
lifetime of the continuum states. Different line shapes and
widths for different spectra were observed for some autoion-
A second series of experiments usitwgp-color two-step  izing states and were found to be related to static Stark split-
RIS was performed to determine low-lying Ncontinuum  ting in the extraction region. To our knowledge, none of the
states and their angular momentum. The experiments prgresently measured autoionizing states were identified or re-
ceed in the following way. One laser is used to populate ong@orted before.
of thez 3G Y states lying just above half the ionization limit  The structure of the Nicontinuum can be used to com-
by tuning the wavelength to one of the atomic transitionsplete the interpretation of the one-color two-step ionization
a®F,—z3GY ora®D;—z 3G (see Fig. 3 A moderate spectrum. Some of the unidentified lines in the one-color
laser pulse energy is used to limit the ion count rate by onespectrum show up at precisely half the energy of autoioniz-
color two-step ionization. The second tunable laser is theing states, or in other cases at precisely half the energy dif-
employed with high energy fluen¢e-150 mJ/crf) to ionize  ference between an autoionizing state and a low-lying meta-
efficiently the excited atoms. The photon energy of this secstable state. These ling¢sdicated by an asterisk in Tablg |
ond step is scanned over an interval of about 3000 cm can be explained as direct two-photon transitions to autoion-
starting from the minimum energy required to ionize the ex-izing states. The identified transitions are summarized in
cited atoms. As the second high-energy laser can resonantiable Il in which the corresponding initial levels and au-
ionize the ensemble of atoms in the ground and low-lyingtoionizing levels are given. Some of the unidentified lines in

than 1% of the strongest line. For the interpretation of thes
resonances, the metastable states afaéfe presented in the
lower part of Fig. 3.

All transitions tabulated in the literatuf8,9] in the cov-
ered wavelength region that originate from the ground an
low-lying metastable states are represented in the spectru

B. Structure of the Ni | continuum near the first ionization
limit
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TABLE II. Autoionizing stategenergyE,,) above the first ionization potential of NiAngular momen-
tum (J,;) assignments are given in the second column. Uncertain assignments of the angular momenta are
given within brackets(see text Linewidths w are divided into three rangest) if w<5 cmi 2, (I1) if
5 cm <w<20 cmi 2, and(lll) if w<20 cmi L. The experimental uncertainty of the energy of the listed states
depends on the linewidth and is estimated to be I'cfor (1), 3 e for (1), and 6 cm® for (II).

Ea (cm™) Jai w Ea (cm™) Jai w
61 680 6 1 62 091 2 1l
61 692 2 | 62 131 2 Il
61 702 3 Il 62 217 4 Il
61719 (5) Il 62 288 2 |
61 763 (2) | 62 363 4 1l
61 766 (5) 11 62 417 2 |
61770 (2) | 62 475 4 Il
61 784 5 1l 62 514 2 1l
61 793 (6) 1 62 567 4 1l
61 855 (4) 11 62 647 6 1l
61 859 (4) 11 62 702 (5) Il
61 869 (5) 11 62 725 5 Il
61 891 (2) | 62 765 5 |
61 904 (5) 1l 62 808 6 |
61 955 4 1| 62 816 5 |
62 025 4 1

the studied frequency range could not be explained in thiexample, the data for the transition at 30 891.4 trare
way (double asterisk in Table).| We did, however, only given in Fig. 5. Using the photon flux dependence of the ion
determine the autoionizing states in a relatively narrow enyields as a function of the generalized two-photon cross sec-
ergy range, and did not investigate autoionizing states wittiion o, given in Ref[10], this cross section turns out to be of
angular momentd<1 andJ=7. Therefore, for the uniden- the order ofo,~10 **cm*s ! (see Fig. 5. Generalized two-
tified lines an assignment as a direct two-photon transition t@hoton cross sections are expected to be of the order

a continuum state cannot be excluded.

0~10"% cm* s 1[10]. The large enhancement we observed

In order to obtain an estimate of the cross sections fois due to the resonant excitation to an autoionizing state. The
direct two-photon ionization into autoionizing states, the ioncross sections are further enlarged by the presence of inter-
yields as a function of laser intensity were measured. As amediate states at nearly half the energy difference between

TABLE lIl. Direct two-photon transitions from low-lying statéangular momentund;) into autoionizing
stateslangular momentund,;). The last column gives the differend&E between the energy of the autoion-
izing state(E, ) and twice the photon energy of the observed transition plus the energy of the initial state

(E).

Photon E; Eal AE
energy(cm™ %) (ecm™b (cm™ J; Ja (cm™}
30 748.5 205 61 702 3 3 0.0
30 756.2 205 61719 3 (5) -1.6
30781.8 205 61 766 3 (5) 2.6
30790.0 205 61 784 3 5 1.0
30 823.7 205 61 855 3 (4) —2.6
30839.1 0 61 680 4 6 -1.8
30 870.8 205 61 955 3 4 —-8.4
30891.4 0 61 784 4 5 —-1.2
30921.5 0 61 855 4 4 -12
30931.0 0 61 859 4 4 3.0
30953.4 0 61 904 4 (5) 2.8
30974.2 0 61 955 4 4 —6.6
31012.9 0 62 025 4 4 -0.2
31043.5 0 62 091 4 2 —-4.0
31 259.0 205 62 725 3 5 —-1.2
31323.7 0 62 647 4 6 0.4
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the ground state and the autoionizing state, which also en-
hances the strength of the two-photon transition. For three- 05!
level systems in a single-frequency field, this type of excita-
tion has been treated theoretically by, e.g., Canteell.

[11] and Letokho 3]. However, in our case, with the third 0ol f a3F, —»23G§ — continuum |
level situated above the ionization limit and with the pres- : : : : :
ence of several close by intermediate states, a quantitative 1.0r

description becomes very cumbersome, and is beyond the
scope of the present paper.
0.5t

C. lonization cross sections

The presence of autoionizing states will strongly influence
the ionization cross sections for certdimo-stepRIS pro-
cesses. We measured ionization saturation curves and de- 1.0F ' ' ' ]l -
duced cross sections for one-color two-step processes and for ]L
two-color two-step processes with the ionization step tuned
to an autoionizing state. For the latter measurement the ex- 05l
citation step was saturated completely, which is obtained al-
ready at moderate laser flux. The saturation curves are given
in Figs. 6 and 7. ool

Since the linewidth of the lasers is large, coherent pro-
cesses are absent, and the ionization rate from the interme- 5
diate level into the continuum can be described within the Energy Fluence (m.J / cm’)
rate equation approach. Assuming that the transition between
the bound states is saturated, the ionization rate approachesFIG. 6. Saturation behavior of one-color two-step resonance
saturation exponentially with the laser fluenitee number ionization. Cross section fittings using E8) (dashed lingand Eq.
of photons per unit arg@d2,3]. If the spatial distribution of (3) (full line) are included.
the laser fluencey(r) is taken into account, the total number

0.0 a’D; ->2z3G§ > continuum |

a3F, -z3G§ - continuum |

0 50 100 150 200 250

of created photoions per pulé is given by fluence over an elliptical area determined by the measured
1/e points (R, andR) and zero outside this ar¢a3]. This
=f dV no{1—exd —zai4(n)]1}, (1) resultsin
Ni=No[1-exp —z0;®)], 2

with ng the initial density of atoms on the quantum states

probed by the ionizing laser ang the photoionization cross with ® the fluence calculated from the total number of pho-

section. tons in the pulserR,R,® determined by the measured total
The spatial intensity distribution of the ionizing laser wasenergy in the pulse. Approximatiof®) is, however, too

measured by intersecting the beam with a movable kniferude, since it results in poor fits to the saturation data, as

edge in two perpendicular directiof$2]. The beam has an can be seen from Fig. 6.

elliptical shape and a near-Gaussian intensity profile along Therefore we divided the beam into five areas: an inner

the major and minor axes. We first considered the commonlglliptical area with semiaxefR, and 4R surrounded by four

used approximation that consists in assuming a constant laselliptical rings with outer border semlaxe$(|+2)Rx,
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N_16N 1 ! [}
i=gL Vol 1g|t A TS T
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+§ —eX —Ta'i +(1—ex —T(Ti
0.11
+1.%1_9X4_70’i¢>
0.02
+2|1—ex _T(Tiq) . 3

This expression provides good fits to the saturation curves,
as can be seen from Figs. 6 and 7, and has therefore been
used to extract the ionization cross sectiofis.should be
mentioned that accounting for the spatial distribution of the
fluence is very important, as not doing so would, in our case,
result in cross sections 5 to 10 times too small.

The derived ionization cross sections with errors stem-
ming from the fitting procedure are presented in Table IV.
An additional systematic error in the cross section values is
induced by deviations from a Gaussian profile of the laser
spot and is estimated to be about 20%. The error due to the
approximation of Eq.(3) is negligible with respect to the
fitting error and the systematic error. This was verified by
modifying Eq.(3) for different numbers of areas, resulting in
only minor changes in the fitted cross sections.

For nonresonant ionization from the intermediate states
into a structureless continuum, these cross sections are ex-
pected to be of the order of 18 cn? [2,3]. The values we
determined are clearly depending on the resonant character
of the ionization step. For one-color ionization, the very high
ionization cross section at the frequency of the transition
a °F,—z 3G}, arriving in the continuum at 61 959 cth is
due to an almost exact double resonant process to the au-

FIG. 7. Saturation behavior of two-color two-step reso”ancetoionizing state at 61 955 cm (J=4). Similarly the cross

ionization. The ionization step is tuned in resonance from the inter
mediate state to an autoionizing state. Cross section fittings usingnda

Eq. (3) are included.

3(i+3)Ry, wherei=1,2,3,4[14]. The fluences in these ar-
eas, according to the Gaussian distribution, are tten
0.78D, 0.37%b, 0.11d, and 0.0® and expressiofi2) can be
replaced by

sections at the frequencies of the transitian® ;—z 3G9
3F,—z 3G are enhanced by the presence of autoion-
izing states at 61 766 cml (J=5) and at 61 855 cm' (J

=4), respectively(see Tables | and)ll The much lower ion-
ization cross section, if the transitioms®F,—z 3G§ and

a ®Dy—z 3G are used as excitation steps, can be explained
by the absence of an autoionizing state at twice the energy of
the excitation transitiofplus the energy of tha 3D, state in

the latter case

TABLE IV. Cross sections determined from the saturation curves of Figs. 6 and 7. Fitting results using a Gaussian laser beldfq profile
(3)] are given for one-color and two-color two-step ionization. Apart from the quoted fitting errors, an additional systematic error of 20% has
to be taken into accourisee text For the two-color values, the ionizing laser frequency is tuned to an autoionizing state.

One-color two-step

Two-color two-step

Excitation lonization o lonization a;
transition transition (cmP) transition (cmP)
a3®D;—z3GY z3G3—61755 cm?! 1.6(2)x10716 z3G3—62725 cm! (J=5) 4.1(7)x10°16
a’F,—z3G2 z3G2-61845 cm? 2.02)x10716 z3G2-62647 cm! (J=6) 6.34)x10 16
a’F,—z3%G} z3G9-61959 cm?! 4.04)x10716

a3D;—z3G) z3G9—63368 cm*! 5.56)x10 18 z3G9—62514 cm?! (J=2) 5.97)x10 16
a’F,—z3G} z3G9—63572 cm? 1.7(3)x10718 z3G9—62514 cm?! (J=2) 6.5(8)x10 16
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The enhancement of the ionization efficiency for two-the energy region from 61 680 to 62 800 ¢hn

color two-step processes by making use of autoionizing The measured one-color resonance ionization spectrum of
states, is clearly demonstrated by the measured cross sddi | between 313 and 335 nm contains a number of untabu-
tions. For the processes with transitimm$D;—z 3G% and  lated lines. With the knowledge of the continuum structure,
a ®F,—z 3G as excitation steps, the ionization cross secwe can identify most of them as direct two-photon transitions
tion is about a factor 100 larger if the frequency of the sec-starting from low-lying metastable states and reaching au-
ond step is tuned resonantly to an autoionizing state. Thifoionizing states.

enhancement is evidently much less pronounced for the pro- We measured the saturation behavior for selected two-
cesses using the transitionsa °D;—z 3G$ and step ionization channels from which the cross sections for
a ®F,—z 3G, since there the frequency of the excitation photoionization are deduced, yielding two orders of magni-
step is also nearly resonant for the ionization step. For théude higher cross sections if autoionizing states are involved.
transitiona °F,—z 3G the exact double resonant nature of Due to the near resonant ionization into autoionizing states,
the one-color scheme made a saturation measurement ftire cross sections for several one-color ionization channels
two-color ionization even impossible. are only slightly smaller than the cross sections obtained for

two-color processes.

IV. CONCLUSIONS

Two-step resonant photoionization of sputtered Ni atoms ACKNOWLEDGMENTS
has been studied using one-color and two-color processes
with photon energies around half the ground-state ionization This work is financially supported by the Belgian Na-
energy. Two-color resonance ionization from the groundional Fund for Scientific Resear¢NFWO) and the Flemish
statea 3F, and the first excited stat@ D5 via the triplet Concerted Action(GOA) and Inter-University Attraction
z 3G8y4y5, revealed the existence of a large number of auPole(IUAP) Programs. P. L. would like to thank the NFWO
toionizing states with angular momentum between 2 and 6 iffior financial support.
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