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Ion Microprobe Mass Spectrometry 
Using Sputtering Atomization and 

Resonance Ionization: 
Final Report 

D. E. Goeringer, W .  H. Christie, L .  K. Bertram, 
R .  L.  Walker, and J. A. Carter 

Abstract 

Resonance ionization mass spectrometry (RIMS) utilizing ion beam 

sputtering has been applied to the measurement of U. The goal is to 

produce an ultra sensitive technique for analysis of small environmental 

particles. The method has also been compared with secondary ion mass 

spectrometry (SIMS). Samples studied were uranium metal., U02 

(polycrystalline and single crystal), and U3O8. The overall efficiency 

o f  detection for sputter atomization/resonance ionization mass 

spectrometry (SA/RIMS) , U+ photoions countedfl atoms sputtered, was 

approximately 9 x Results indicate that the density of ground- 

state U atoms sputtered from such samples is quite sensitive to oxygen 

content and surface contamination. The relative ratio of ground-state U 

atoms sputtered from U metal and U02 (U",,t-l/U",,ide) with Ar+ was 

estimated as 4 . 4  x lo1. This relatively large matrix effect severely 

limits the applicability of  SA/RIMS to quantitative analysis o f  uranium 

samples. 
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1. In t r o duc t ion 

Environmental monitoring of airborne particles for trace levels of  

uranium is an important problem faced by many government facilities. 

Depending on particle size and composition, such small samples may 

contain only femtogram to picogram amounts of urantum in a variety of 

chemical forms. Therefore, detection and quantification of uranium under 

these conditions requires a high-sensitivity technique relatively 

insensitive to the chemical environment. 

Although SIMS is without peer as a qualitative surface analytical 

technique, its quantitative aspects are plagued by wide variations in 

sputtered ion yields attributed to sample matrix effects. Because the 

major fraction of secondary particle emission from an ion beam sputtered 

surface usually consists of neutral atoms and molecules (l), analytical 

techniques based on post-ionization of desorbed neutrals are believed t:o 

be less sensitive to the chemical environment than SIMS. Pulsed laser 

ionization is an attractive process for coupling with ion beam sputtering 

because the ionization process can be saturated provided that the laser 

beam is sufficiently powerful. In addition, when pulsed sputtering is 

utilized, the spatial overlap between the sputtered plume and laser beam 

can approach unity. Therefore, efficient laser post-ionization of the 

more abundant neutral fraction also presents the possibility for enhanced 

sensitivity. This report describes the use of SA/RHMS as an analytical 

technique for uranium-containing samples. In some instances, material 

from an earlier report (2)  is included for completeness. 

. 
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2. Experimental 

2.1 

The Applied Research aboratories (ARL) ion microprobe mass analyzer 

(IMMA) used in this work is based on the design of Liebl ( 3 ) .  Modi- 

fications to the ion extraction lens system, which aid discrimination 

against secondary ions while allowing efficient collection o f  lower 

energy laser-generated ions, are described i n  a following section. For 

this study the secondary mass analyzer was operated at mass resolutions 

(M/AM) on the order of 200. Primary ions were generated by using either 

pure Ar or a mixed gas consisting of approximately 2 atom % Ar, 34 atom % 

N2, and 64 atom % 02 in the duoplasmatron ion source. The primary ion 

beam was pulsed by applying a C450V pulse to opposing a1 

located at the top of  the primary lens column. Ion beam 

and delay were set with gate/delay generators triggered 

f lashlamp sync pulse. 

To facilitate the ion optical changes, the indium meta 

gnment plates 

gate duration 

by the laser 

seal used to 

attach the microscope to the sputtering chamber, was replaced with a 

large viton o-ring. This provided a vacuum-worthy seal that allowed 

removal and replacement of  the microscope in minutes when access to the 

sputtering chamber was desired. 

The standard 400 l/s ion pump was replaced with a 1200 l/s cryosorp- 

tion unit; the background pressure was approximately 2 x torr. 

System pressure under typical operating conditions was ca. 5 x torr. 

2.2 Ion Ovtics 

The existing ion extraction optics of  the IMMA instrument were 

designed to efficiently extract sputtered secondary ions produced at the 

sample surface. Curvature of the equipotential surfaces in the vicinity 

of the pickup electrode results in highly efficient steering of the 

sputtered secondary ions which exit the surface at varying angles up to 

45" from the normal and with energies ranging from 0 to 20 eV. 

5 
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Subsequent energy f i l t e r i n g  by the e l e c t r o s t a t i c  sec tor  and mass 

dispers ion i n  the magnetic sec tor  resiilt i n  a conventional secondary i o n  

mass spectrum. 

Computer simulation (STMION) shows t h a t  phwtoions produced above the 

l a s e r  surface a re  affectled d i f f e ren t ly  by the fie1.d and a r e  def lec ted  t o o  

miuch. Most of them s t r i k e  the inner surface of the ex t r ac t ion  electrode 

and a re  J.ost. Even those which pass  thr-ough the ex t rac t ion  electrode 

w i l l  have too much angular deviat ion from the idea l  angle ( 4 5 " )  t o  be 

refocused by subsequent ion lenses .  

Because o f  the inef f ic ienc ies  i n  co l l ec t ing  photoions with the 

standard ex t rac t ion  e lec t rode ,  new ion op t i ca l  designs were a l so  

modelled. One o f  the most  successful i s  shown i n  Figure 1. The  

object ive was t o  c rea te  a f l a t  ex t rac t ion  fie1.d i n  the volume d i r e c t l y  

above the sample sur face ,  with the f i e l d  equipoten t ia l  surfaces  incl ined 

a t  the desired angle ( 4 5 " )  r e l a t i v e  t o  the sample sur face .  To achieve 

t h i s ,  a "pusher" elecerode was added (shown a t  the r i g h t  i n  Figure I), 

and the ex t rac t ion  electrode i t s e l f  was s ignif i -cant ly  changed. Ions 

formed i n  the volume element shown follow a nearly pe r fec t  t r a j ec to ry  

through the ex t rac t ion  electrode.  

2.3 Lassr Source and Light Optics 

Two d i f f e r e n t  tunable l a s c r  systems were evaluated i n  thfs study: a 

flashlamp-pumped dye l a s e r  (Chromatix CMX-4) and a Nd:YAG-pumped dye 

l a s e r  (Quanta Ray DCR-2A/PDL-2). 

The flashlamp-pumped l a s e r  had an op t i ca l  bandwidth of  approximat (-1 y 

3 cm-' and an op t i ca l  pulse width of about 1 jcs; the Rhodamine-6G dye 

used i n  the study produced a useful  wavelength range of approximately 

580-610 run. The l a se r  beam was s p a t i a l l y  f i l t e r e d  and focused t o  

approximately a 0 .05 cm diameter spot d i r e c t l y  above the sample with a 

telescope assembly housing a 10 p i n  pinhole.  The pulse energy measured 

d i r e c t l y  a t  the lascr output was about 5 m.J with the ava i lab le  energy 

above the sample surface estimated t o  be from 10-50 times l e s s .  

The Nd:YAG-pumped l a s e r  was operated i n  f i f t h  order r e s u l t i n g  i n  a 

bandwidth o f  approximately 0 . 3  cm- 1 . Rhodamine 610 dye used i n  our 
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experiments gave a useful tuning range 5rom about 580-595 m. The 6-mm 

diameter beam from the dye I.aseu was collimated to approximately 2 mm via 

a yositive/negat:ive ( 3 :  1 focal length ratio) lens telescope system. 

Typically, 10-1-2 mJ/pulse of  light (measured at the laser output) was 

used. A n  estimated 50% of this energy was l o s t  before reaching the 

sputtered plume. 

The laser beam in each case was directed through an optical port at 

the rear of the TMMA. Due to physical constraints of the I W ,  the plane 

of the sample surface w a s  several centimeters below that of t:he laser 

beam. Therefore, a periscope assembly constructed from two right-angle 

prisms was mounted inside the sputtering chamber allowing the laser beam 

to be directed just above and in the plane of  the samp1.e. 

2 . 4  Sinnal P r o c e m  

The SIMS signal from cw sputter-ionization and the RIMS signal 

produced by pulsed resonance ionization (RI) required two different 

methods of processing. Small, continuous secondary ion currents in our 

SIMS experiments were well suited for pulse counting with its sensitivity 

and dynamic range, Therefore, the standard ARL digif;al system consisting 

of a discri-minator, pre-scaler, and fast pulse counting electronics 

(pulse-pair resolution of 30 ns) was used for SIMS measurements. Because 

the duration of the laser pulse for R I  was quite short (-10 ns), the 

packet of  photoions arrived at the detxctor in a very short period o f  

time produci.ng multiple individual pulses that: often overlapped. 

Problems with ion bunching and pulse-pair resolution precluded the use of 

ion counting with such a RIMS signal, so an analog detection scheiiie was 

used. The analog system consisted of  a variable-gain, variable-time- 

constant current amplifier and gated integrator (Stanford Research 

Systems S R 2 5 0 ) .  The multiple-pulse RIMS signal, generated from a single 

laser shot, was shaped by the current amplifier (10 p s  tine constant) 

into a single pulse approximately 15 p s  wide and then AC-coupled t o  the 

input of  the gated integrator. The gated integrator, which was triggered 

by the laser and for which the gate was delayed for the flight: time of 

the ion packet through the mass spectrometer, then sampled this pulse. 
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The integrator output was the integral of the input pulse during the 

gate, normalized by the gate width, i.e., the output was proportional to 

the average of the input pulse during the sampling gate. Therefore, the 

integral of the signal pulse (units of V-s), which was proportional to 

the number of ions contained in the packet, was the DC output of the 

gated integrator multiplied by the gate width. The DC output from the 

gated integrator was digitized by an analog-to-digital converter (ADC) in 

the data system (see below) enabling spectra to be digitally stored. 

Although the pulse counting system was useful for measuring the magnitude 

of secondary ion signals, it was not interfaced to the data acquisition 

computer. Therefore, SINS spectra were acquired with the data system by 

increasing the gain and time constant (10 m s )  of the current amplifier 

and DC-coupling its output to the gated integrator. The analog signal 

from the current amplifier was also used to drive video amplifiers in the 

standard ARL video display system. Because the Daly detector was wired 

with both analog and pulse counting outputs, the photomultiplier’s signal 

could be processed simultaneously by both analog and digital electronic 

sys terns. 

2.5 Data Acuuisition/Control System 

Initial studies were done with an LSI-11/2-based microcomputer. A 

schematic diagram of the system is shown in Figure 2. The unit housed a 

12-bit analog-to-digital converter (ADC), two digital-to-analog 

converters (DAC), and a 16-bit parallel 1/0 interface. The ADC sampled 

and digitized the DC output from the gated integrator. The direction and 

speed of a stepping motor attached to the wavelength drive of the 

flashlamp-pumped laser were controlled by the parallel interface. The 

DAC outputs were used to drive an x-y scope for real-time display of  

spectra or an x-y plotter for post-acquisition recording of spectra. 

Later work was performed with a microcomputer system (MicroPDP-11) 

based on an PDP-11/23-Plus (Digital Equipment Corp.) central processing 

unit. The system contained a 12-bit, combination ADC/dual digital-to- 

analog converter (DAC) interface board; the ADC digitized the DC output 
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of the gated integrator, and the DACs controlled the secondary magnet as 

well as the gate delay for the gated integrator. Another DAC with direct 

memory access capability was used to drive an x-y scope for either real- 

time or post-processed signal display. Spectra could also be sent to a 

digital plotter for hard copy output. A parallel interface was used to 

comunicate with the dye laser (Nd:YAG-pumped) motor control interface. 

A schematic diagram of the complete system is shown in Figure 3 .  

Modifications were also made to the control electronics to adapt the 

IMMA for automated particulate analyses. Although the instrument has the 

capability for primary beam rastering and x-y sample stage movement, it 

was not designed to facilitate digital computer control of these 

functions. Therefore, a third dual-output DAC (DMA-controllable) and a 

multifunction counter-timer (MCT) were also installed in the MicroPDP-11. 

The DAC performed the functions of driving the raster electronics, firing 

the laser, and triggering the primary beam gate. The MCT was interfaced 

to the stage movement electronics enabling the microcomputer to digitally 

control the stage position, Software was developed which enabled the 

primary ion beam to raster a 100 x 100 pm area in 10 pm increments; the 

stage would then be translated 100 pm along either the x- or y-axis and 

another raster performed. The area interrogated by this systematic beam 

raster/stage translation was essentially limited by the range of travel 

for the stage (2.5 x 1.6 cm). 

2.6 Optical and Mass Suectra 

Using the above computer systems, two types of RIMS spectral data 

were acquired: 1) optical spectra, which recorded the photoionization 

signal at a fixed mass as a function of dye laser output wavelength 2) 

mass spectra, which recorded the photoionization signal a t  a fixed laser 

wavelength. Optical data were collected at intervals of 0.027 and 0.06 

nm with the flashlamp-pumped and the Nd:YAG-pumped lasers, respectively. 

Mass spectra were acquired at 0.2 amu intervals. Typically, 15-20 laser 

shots were averaged for each data point in both types of RIMS spectra, 

and the spectra were uncorrected f o r  secondary ion signals because of  the 
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effectiveness of the ion extraction optics/time gating in reducing such 

background. Secondary ion mass spectra were obtained by increasing the 

sample voltage (secondary mass spectrometer accelerating voltage) and 

making signal processing adjustments (see above) ; this permitted 

secondary ions to be collected by the ion extraction electrode, 

transmitted through the electrostatic analyzer, and digitized by the data 

system. The baselines for all spectra were slightly offset (- 25 units) 

from zero due to a small DC offset (- 60 mV) added to the input of the 

gated integrator. All RIMS and SIMS spectra were acquired with the 

duoplasmatron source at 16 kV and the sample at a nominal 1500 V 

resulting in 14.5 keV net primary ion beam energy. 

2.7 Sputter Yield Measurements 

Sputter yield determinations for different primary ion beams on U 

metal samples were performed by measuring dimensions of sputter craters 

with a stylus profilometer (Tencor Alpha-Step 2 0 0 )  having a depth 

resolution of  SO angstroms. For each determination the primary beam was 

adjusted to 10 n A  and nominally rastered for 15 minutes over a region -40 

x 50 pm. Sputter yields were then calculated from the integrated primary 

ion current, volume of the sputtered crater, and sample atomic density. 

Sputter yield determinations for U 0 2  used a raster -80 x 100 pm on a 

uranium metal alloy ( 2  w8 Zr, 7.5 w% Nb) sample having a relatively 

uniform (-750 angstrom) layer of U02, grown by oxidation, on its surface. 

However, surface irregularities on the thin oxide layer precluded 

accurate profilometric measurement of the depth for sputter craters. 

Sputter yields, in the case of U02, were estimated by noting the elapsed 

time between initiation of sputtering and a visual change in the 

appearance of the sputtered surface indicative of the underlying U alloy. 

Plots of relative SIMS signal (U", UO+, and U02+) versus time also 

provided an estimate of the time required to sputter through the oxide 

layer; these sputtering times correlated well with those times noted 

visually. 
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2 . 8  Samples 

Samples of  U and Sm were prepared by encapsulating specimens of the 

metal i n  low vapor pressure epoxy. The top surface o f  the epoxy mount 

was ground f l a t ,  exposing an area of each metal ,  and then polished t o  a 

mirror f i n i s h .  After cleaning, the mount was immediately coated with 30-  

40 run of carbon t o  provide e l e c t r i c a l  conductivity and t o  p ro tec t  the 

metals f rom oxidat ion.  Several small (1 mm) s ing le  c r y s t a l s  of  U02 were 

crushed t o  provide many smaller (50 -200 pm) pieces which were pressed 

in to  a f l a t  I n  metal sur face ,  Specimens prepared i n  t h i s  fashion 

required no fu r the r  processing p r i o r  t o  ana lys i s .  F ina l ly ,  U3O8 was 

prepared by heat ing uranyl n i t r a t e  i n  a i r .  The f i n e  powder produced i n  

t h i s  fashion w a s  s l u r r i e d  with water and loaded as a t h i n  f i lm onto a 

f l a t  pyro ly t ic  carbon planchet.  After evaporation of the water,  the U3O8 

was found t o  adhere t o  the planchet surface.  No fu r the r  processing of 

t h i s  mater ia l  was required p r i o r  t o  ana lys i s .  



3 .  Results and Discussion 

3.1 Sputter Yields 

Results for the sputter yield measurements of U metal, U atoms 

ejected per incident primary ion, are 5.3, 0.50,  and 0.67 for Ax+, 02+, 

and N;z+, respectively; the estimated error for the values is k 20%. As 

expected, Ar+ is far more efficient than N2+ and 02+ in the number of U 

atoms ejected from U metal per incident ion. It was also found to be 

superior for SA/RIMS based on the ratio of Uf photoian signals observed 

from U metal (Ar+/3.2 x lo2 : N2+/1.5 : 02+/1.0). Due to its superior 

secondary ion yields, 02+ is generally preferred for inorganic SIMS 

analyses, but It is less desirable than Ar+ for SA/RIMS because of its 

lower atomic neutral yields. The sputter yield for Arf on U 0 2  I s  

estimated as 2 0.5 (U atoms/ion). Note that the relative ratio for Ar+ 

sputter yields from U metal and U02, 2.7, is within experimental error o f  

the factor of 3 expected from their stoichiometries. 

3.2 RIMS of Uranium 

Uranium has a strong resonance ionization signal at 591.5 nm 

corresponding to the two step, bound-bound transition 5L60 -> 7M7 -> ( ) "  

followed by an ionization step, i.e, , the RI signal for U* is produced by 
a single-color, three-photon absorption from the ground state of U. 

Thus, U atoms can be ionized by a single laser tuned to a single nominal 

wavelength. Power spectra, taken with the Nd:YAG-pumped dye laser at 

591.5 nm, showed an initial linear dependence (slope - 1) on laser power 
for the v). photoionization signal with a plateau at about 6 rnJ/pulse, 

implying that the ionization process was saturated above this pulse 

energy. 

Figure 4 shows the optical ionization spectra of U metal obtained 

using the flashlamp-pumped dye laser over the wavelength range 580-607 

nm. The top spectrum was obtained using Ar+ sputter atomization, while 

the lower spectrum resulted from heated thermal filament atomization 

3- 5 
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580 585 590 

ORNL- DWG 84-15518 

ION BEAM SPUTTERING 

THERMAL FILAMENT 
ATOM I Z AT ION 

595 600 605 
WAVELENGTH (nm) 

Fig. 4 Optical i o n i z a t i o n  spectra obtained with a flashlamp-pumped 
dye laser f o r  238U atoms produced by ion beam sputtering (top) 
and thermal filament atomization (bottom). 
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(-l5OO0C) ; the 

signal being at 

to arise from a 

peaks observed match quite closely, with the largest 

591.5 nm as expected. The peak at 596.9 nm is believed 

three-photon transition originating from the 5K50 excited 

state at 620 cm-l. Figure 5 shows the optical ionization spectrum of U 

metal obtained with the Nd:YAG-pumped dye laser using Ar+ sputter 

atomization; we were unable to monitor RI signals originating from the 

5K50 excited state because the pulse energy from our dye laser dropped 

sharply above 595 nm. As in the spectra obtained with the Elashlamp- 

pumped dye laser, the largest signal occurred at 591.5 nm. However, many 

additional lines are also present; these are presumably due to the 

increased power per unit bandwidth in the output from the Nd:YAG-pumped 

dye laser. 

Figure 6 shows RIMS partial mass spectra of photoions produced with 

the flashlamp-pumped dye laser at two different wavelengths, 591.5 and 

591.3 nm, for U metal sputtered with an Ar+ primary beam. Each spectrum 

contains peaks at masses corresponding to UO+ and UO2+, but the U+ peak 

is only present in the spectra taken at 591.5 nm (except f o r  a small 

signal for at 591.3 nm, probably from power broadening). This same 

effect was also seen in similar experiments using the Nd:YAG-pumped dye 

laser. These results suggest that uranium oxide species were sputtered 

and ionized via a multiphoton ionization (MPI) process. 

The RIMS optical spectrum for production of UO+ photoions from an 

Ar+-sputtered UO2 crystal, taken with the Nd:YAG-pumped dye laser, is 

shown in Figure 7; similar results were obtained with the flashlamp- 

pumped dye laser. Their shapes essentially correspond to that for the 

respective laser output power curves. The signal-to-noise ratio for the 

UO2+ photoion spectra was poor, but similar broadband photoionization was 

observed. Nogar et al. ( 4 )  have noted that a nonresonant background i n  

atomic RIMS can result from a broad distribution of initial internal 

states and a high density of excited states; direct three-photon 

ionizations, although not strictly resonant, may be enhanced by quasi- 

resonant processes for one- and two-photon levels and potentially large 

power-broadening effects for one-photon resonances. They suggest that 

spectrally broad-band, multiphoton-generated molecular ions could also be 

produced by similar processes. 
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Fig. 5 Optical ionization spectrum obtained with a Nd:YAG-pumped dye 
laser for 238U atoms produced by ion beam sputtering. 
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This dramatic difference in wavelength sensitivity for formation of 

e photoions in contrast with UO+ and UO2+, along with the results from 

Nogar et al. (41, suggests that the oxide ions are produced by 

photoionization of sputtered oxide molecules (eqns. 1-2) 

UO + nhv - - - >  UO' (1) 

( 2 )  U02 + nhv - - - >  UO2+ 

and not by the two-step process involving RI of sputtered atoms and gas 

phase reaction with oxygen (eqns 3-5 ) .  

U + 3hv - - - >  U+ 

u+ f 0 - - - >  uo+ 
(3) 

( 4 )  

( 5 )  u+ + 02 - - - >  u02+ 

Because UO and U 0 2  neutrals are photoionized at the same wavelength 

as U atoms, a secondary mass spectrometer was necessary in our study in 

order to separate by m/z the photoions produced by the laser. 

It is also interesting to note that when the photoion signal from 

the crystal is compared with that from U metal, it is reduced by 

significantly more than the factor of - 3 expected from the reduced U 

atomic density and sputter yield for the crystal. This effect w a s  

investigated further in the depch profiling study described below. 

3.3 DeDth Profiling 

To demonstrate the effect of sample matrix on secondary ion and 

neutral yields, a set of depth profile measurements using S'IMS and RIMS 

was made on a thin film U02/U metal sample. During the experiments a cw 

Ar' primary beam (13 nA) was rastered over a region of approximately 80 x 

100 pm; the primary beam was moved to a different surface location f o r  

each new measurement. The depth profiles were made by collecting 

selected ion signals as a function of time. For the SIMS experiments the 

U+, UO+, and U02' secondary ion signals were monitored; the RIMS 
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measurements recorded the signals far U+, UO", and UO2+ photoions 

produced at 591.5 nm (Nd:YAG-pumped dye laser). It should be noted that 

the SIMS data were obtai-ned on a simi-lar IM.MA instrument dedicated to 

SIMS analyses. Figure 8 shows SIMS time (depth) profiles obtained f o r  

the secondary ions noted above; Figure 9 shows the RIMS time profiles 

obtained for the corresponding photoions. The slight discrepancy between 

elapsed times for sputtering through the oxide layer (-90 s for the SIMS 

experiment, -110 s for the RIMS experiment) is due to the inability to 

exactly duplicate sputtering conditions in the two instruments. It 

should also be noted that;, although the ordinate for each plot i s  the 

same, the units for the relative signals are different. 

A s  noted previously, in the absence of any matrix effects on ion or 

neutral yields, the U+ signal from the U02 film would be about 3 times 

smaller than that from U metal. Except for a high initial count rate, 

presumably due to surface chemisorption of oxygen-containing impurities, 

the secondary ion signal for U+ changed little (down by approximately a 

factor of 2) going from oxide to metal. However, the photoion signal for 

U+ from the U02 layer was over 40 times less than that from the U metal 

suggesting that the ground-state U atom fraction was strongly influenced 

by a matrix effect. The initial variation in UO+ and U02'+ photoion 

yields is probably due to chemical changes induced in the near-surface 

region through long storage at ambient laboratory conditions. These 

effects are minimized after removal of approximately the first 30 nm and 

are of no consequence to the conclusions drawn in this study. Note that- 

the signals for UO' and UO2' photoions decreased at the transition f rom 

the UO2 layer to the U metal surface; this also suggests that those 

molecular ions were primarily produced by direct photoionization of 

neutral oxide molecules (eqns 1-2) and not by the reaction of residual 

oxygen with laser-generated uranium ions (eqns 3-5 ) ,  or by combination of 

sputtered U atoms with residual oxygen followed by photoionization (eqns 

6-9). 

u + 0 - - - >  uo (6) 

u + 02 - - - >  u02 (8 )  
U O ~  + nhv - - - >  U O ~ +  (9) 

UO + nhv - - - >  UO' ( 7 )  
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However, the data do not preclude the possibility that the molecular ions 

were formed by recombination of spuctered U and 0 atoms above the surface 

followed by photoionization. 

3 . 4  Pulsed Primary Ion Beam 

A set of pulse-sputtering experiments demonstrating the effect of  

The region of the surface contamination on neutral yields was performed. 

U metal surface being pulse-sputtered was initially sputter-cleaned with 

an 11 nA, cw Ar+ beam focused to approximately 25 pm, Following this, 

the primary beam was switched to pulsed operation (10 H z )  and the 

photoion signal for U+ (591.5 run, Nd:YAG-pumped dye laser) allowed to 

stabilize. As the response of the photoion signal for U+ was monitored, 

the Ar' beam was briefly switched to cw mode then returned to pulsed 

mode. The primary beam pulse duration was varied from 5 to 200 p s  f o r  

the set o f  experiments, with the laser fired at the end of the gating 

pulse in each case. Figure 10 shows the time response of the Uc photoion 

signal for two of the pulse widths used, 5 and 200 p s ;  the transitions 

between sputter modes occurred at indicated elapsed times of 20 and 40 s .  

For all pulse widths there was an immediate increase in the photoion 

signal for vf upon switching to cw mode, and in each case the signal was 

a l s o  observed to decay at the transition back to pulsed mode. The steady 

state signal in pulsed mode was seen to increase with duration of 

sputtering by the primary beam. Figure 11 shows the time response of 

signals for UO' and U02' photoions in a pulsed-cw sequence (5 ps Ar' 

pulse) on another precleaned region of the same sample. The sputter mode 

transition occurred at an indicated elapsed time of  50 s .  As expected, 

the oxide photoion signals were quite evident during pulse-sputtering 

then declined rapidly under cw bombardment. Samarium is considerably 

more resistant to oxidation than U. In a similar cw-pulsed experiment 

the same Ar+ beam current was used to sputter a Sm target, but the beam 

diameter was increased to 60 pm so that the Ar+ current density was 

reduced to about 20% of that used in the U experiment. Even with the 

lower Ar+ current density, a longer period (290 s)  in pulse-sputter mode, 
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and only a 5 ps sputter pulse, the extent of reduction (-35%) in the 

photoion signal for Sm' from cw to pulsed modes was much less severe than 

for U+. torr, 

based on a residual total pressure of  - 2 x torr, the flux of  02 at 

the U surface was 1.4 x 1013 cm-2-s-1 at 298 K. The AK" ion flux for the 

25 jm diameter, 11 nA primary ion beam was 1.4 x cr~-~-s-l; the duty 

cycle for the 5 p s ,  10 Hz pulsed Ar' beam was 5 x % ,  giving an 

average Ar' flux of 7.0 x 10" cm-2-s-1. Therefore, in cw mode the Arf 

ion flux was much greater than the 02 flux reaching the surface, enabling 

the primary beam to keep the U surface reasonably free of oxygen. In 

pulsed mode the average flux for Ar+ ions was much less than f o r  0 2 ,  

allowing oxygen to be chemisorbed onto the U surface. The data in Figure 

10 suggest that monolayer coverage occurred about 60 s after the 

transition from cw to pulse-sputter mode (indicated elapsed time 100 s ) .  

However, the reduction in photoion signal for U+ at that point w a s  

greater than the factor of about 3 expected from the reduced density of 

surface U atoms. These experimental results suggest that the ground- 

state U atom fraction from sputtered U metal is sensitive to a matrix 

effect due to chemisorbed surface impurities. The signals for UO' and 

UO2+ photoions observed in pulse-sputter mode suggest that: oxide 

formation on U metal is responsible for this matrix effect. 

Assuming a background 0 2  partial pressure of  - 4 x 

3 . 5  SIMS and RIMS Comparisons 

Table I compares SIMS signals for U metal, U02, and U308 samples 

sputtered with a 7.5 nA, cw Ar* beam under similar conditions. For the U 

metal sample, > 90% of  the secondary ion signal was from U'. Results 

from the previously described pulsed primary beam experiments suggest 

that the contributions of UO' and U02' to the SIMS signal for U metal 

were due to chemisorption of residual oxygen-containing species and 

should decrease with increasing Ar' current density; this effect was 

observed in our studies. The absolute and relative yields of UO.+ and 

UO2+ secondary ions from U02 were greatly enhanced compared with U metal, 

presumably because oxygen is incorporated into the chemical lattice. 
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Ion 

U+ 

uo+ 

u02+ 

Table I. Comparison of Relative Signals for Mass-Selected 

Secondary and Laser-Generated Ions 

U metal U 0 2  crystal U303 U metal UQ2 crystal 
I__ 

counts/s x 1 0 3  - v-s  x 10-b 

9 3  102 750 17.0 0 . 3 9  

6 575 90 0 . 2 1  6 . 3  

0.57 - - -  2 895 52 

However, the case o f  U308 is in t e re s t ing  i n  t h a t  the I+ ion  appeared .n 

g rea t e s t  abundance i n  the SIMS spectrum despi te  the highly oxidized s t a t e  

o f  uranium. 

Photoionization s igna l s ,  produced v i a  the Nd:YAG-pumped ,dye l a s e r ,  

f r o m  U and U 0 2  samples bombarded with a 1 3  nA, c w  Ar" beam a re  a l so  

compared i n  Table I .  The un i t s  f o r  the RIMS da t a ,  V - s ,  r e s u l t  from the 

f a c t  t h a t  the s igna l  from the gated in tegra tor  is  the in t eg ra l  of  the 

input s igna l  (V) over the gate  duration ( s ) .  The gain f ac to r s  f o r  the 

de tec tor  (1.6 x l o 6 )  and preamplifier ( l o 5  V - A - I )  and the charge/ion ( 1 . 6  

x cod- ione1)  can be combined t o  give a conversion f a c t o r  o f  2 . 6  x 

V-S-ion-' f o r  ca lcu la t ing  ions/pulse from the RIMS da ta .  As 

expected f o r  U metal,  the  U+ s igna l  from R I  of ground-state U atoms 

cons t i tu ted  the majority of the RIMS s igna l ,  with the contr ibut ion from 

photoionization of sput tered UO neut ra l s  again presumed t o  be a function 

o f  res idua l  chemisorbed oxygen. For the U 0 2  sample, the RIMS s igna l  f o r  

UO" was considerably l a rge r  than f o r  U+ and UO2+. However, the  actual 

fracti.ons of UO and U 0 2  i n  the sput tered neu t r a l  population may be la rger  

than indicated by the  r a t i o s  of t h e i r  photoion s igna l s  with t h a t  fo r  U .  

That i s ,  the e f f ic iency  of  photoionization fo r  oxide molecules i n  the 

l a s e r  beam was unknown. No da ta  f o r  laser ioniza t ion  on the U3O8 sample 

a re  shown because no photoion s igna ls  detectable  above background noise 

were obtained It would under the conditions used fo r  these comparisons. 
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appear that relatively few ground-state U atoms were sputtered from the 

U308 sample, and for that matter few UO and U02 molecules. These 

experiments also suggest that conventional SIMS may offer more 

sensitivity for the analysis of this material than SA/RIMS using this RI 

scheme. 

Although the observed matrix effects in these experiments have been 

attributed to an increase in the secondary ion or molecular neutral 

yield, the possibility exists that the population of  a low-lying excited 

atomic state (see above) is being increased in those instances. However, 

in either case the matrix effects result in reduction of the number of  

ground-state uranium atoms and concomitant complications for quantitative 

analytical measurements. 

3.6 In Situ Reduction 

A number of chemical reducing agents were introduced into the 

sputtering region in an attempt to increase the yield of sputtered atomic 

neutrals from oxidized forms of uranium. Three approaches were used: 1) 

Cesium ions were employed as a sputtering beam, 2) benzene and anhydrous 

ammonia were impinged on the sputter targets via a capillary jet during 

Ar+ sputtering, and finally 3 )  A l ,  Ti, Zr, and C were used as substrates 

upon which particulate samples were dispersed prior to sputtering. 

During these studies, the effect on the yield of sputtered neutral 

particles was observed by monitoring the U+ photoion signal, These 

experiments can be suinniarized simply by reporting that none of  the 

approaches tried resulted in enhanced yields of sputtered U atoms f rom 

oxygen containing samples. 

Direct comparison of Cs+ sputtering with Ar' sputtering of U metal 

and its oxides was not possible in this study because the best Cs' 

current density obtainable from our ion source w a s  about 1/15 that of the 

reference Ar+ (13 nA,  25 ,urn dia.) beam. Cs+ sputtering of U metal with 

this reduced current density always gave rise to a combined UO' and U02+ 

secondary ion signal of about twice the observed U+ secondary ion 

intensity. Under these conditions, no enhanced U+ photoionization signal 

was observed from U metal, U02, or U 3 O 8  samples. 
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Results from the addition of gaseous reductants (pJH3 and benzene) 

Spectra obtained Erom during Ar+ bombardment are summarized in Table 11. 

Ar' sputtering o f  U 0 2  in the presence and absence of benzene vapor show 

that benzene is effective in suppressing the emission of UOz+. For a 

given benzene pressure, the Arf sputter i on  current density (constant 

beam current) could be optimized to maximize the observed U f / U O ~ '  

secondary ion ratio. If the Ar+ sputter beam was switched to pulsed mode 

during the experiment (10 ps duration, 10 Hz rep. rate), the U'/U02+ 

ratio was observed to decrease significantly. This decrease was due to 

growth of  the U 0 2 +  signal and decrease of the vf signal to give 

essentially the same total signal level observed in the absence o f  

benzene. This behavior suggests that 0-containing species, present in 

the vacuum chamber, are more strongly adsorbed on the U 0 2  surface and 

thus replace the adsorbed benzene. The photoionization signal observed 

for U+ at 591.5 nm was decreased by a factor of  two, whereas the photoion 

signals observed for UO+ and U 0 2 +  were essentially unaltered in the 

presence of  benzene. When either U or U02 were exposed to NH3 vapor, a 

significant reduction in U+ RI and UO+, UOzf MPI signals was noted. 

Table  XI. Effect of m3 and CgHg on Photoion and Secondary Ion 

Formation (Ar+ Bombardment) 

Effect on Major Ions Observed 
Sample Reductant RI Signal in SIMS Spectrum 

uo2 NH3 Reduced U ,  UH, UN, UNH, UO, V 0 2 ,  
U2N, QNH, U2N2, U Z N ~ H ,  
U2N3' U2N4 

uo2 Reduced 
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Finally, particulate samples of U02 and 

substrates of  C, Al, Ti, and Zr. In 

sample and substrate produced an adduct 

U3O8 were dispersed on reducing 

each case co-sputtering of the 

ion UM+, where M represents the 

substrate element. 

all cases studied. 

A reduction of the observed vt RI signal was noted in 

3.7 Numerical Estimates 

The relative ratio of  ground-state uranium atoms sputtered from U 

metal and oxide (UDmet/UeOx) is estimated by direct division of the 

corresponding U' RIMS signals in Table I to be 4.4  x 10' -t 2.0 x 10'. A 

detailed consideration o f  extraction efficiency, cw vs. pulse-sputtering, 

and spatial overlap between sputtered atoms and the photon field, along 

wi.th the conversion factor for the Table I data, allow us to estimate 

within approximately an order of magnitude the number of ground-state IJ 

atoms sputtered relative to the number of  secondary lJ+ ions ejected, 

(uo Ar/U'A,) . 
First, the ion extraction and transmission efficiencies for secondary 

and laser-generated ions are taken to be the same after instrumental 

conditions are optimized for SIMS and RIMS measurements, respectively. 

Second, all ground-state U atoms intersected by the laser beam are 

assumed to be ionized as suggested by the plateau above 6 mJ/pulse in the 

U+ RIMS signal versus laser pulse energy data. Note that this condition 

is not necessary in order to compare the relative populations o f  ground- 

state U atoms sputtered from the U metal and UO? samples because the same 

RI process, laser power, and primary ion current were used for each. 

Third, the count rate for Uf secondary ions is directly proportional to 

primary ion current, i . e . ,  the secondary i o n  count rates in Table I, 

measured for 7.5 nA Ar" ion current, can be linearly extrapolated t o  13 

n A  as was used in the RIMS measurements. Data from our IMMA instrument 

dedicated to SIMS analyses showed linearity of SIMS signals for U', UO', 

and UO2+ in this Ar' current range. the photoion signal for U+ 

using cw-sputtering can be related to that using pulse-sputtering, i.e., 

neglecting chemisorbed surface impurity effects, at what sputter-pulse 

Fourth, 
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duration does the RIMS 

Results from Kimock et 

pulse-sputtering should 

5 p s .  Our experiments 

signal become equal to that with cw-sputtering. 

al. (5) indicate that the photoion signal from 

equal that from cw-sputtering for pulse widths > 
with Ar+ on Sm metal showed a small decrease in 

the photoion signal for Sm+ upon switching from cw to 5 ps pulse- 

sputtering. However, this decrease was probably due to surface coverage 

by residual oxygen as discussed for the uranium metal pulse-sputtering 

experiments. Therefore, neglecting the matrix effect from chemisorbed 

oxygen, the photoion signal for U+ with 5 ps pulse-sputtering is assumed 

equal to that with cw-sputtering. Fifth, for a given sputter-pulse 

duration, the number of sputtered ground-state U atoms can be obtained 

from the number of U+ photoions in the corresponding RIMS signal. That 

is, knowing the sputter-pulse duration, what fraction of sputtered 

ground-state U atoms are intersected (and ionized) by the laser beam. 

Kimock et al. (5) also calculated the fraction of neutrals intersected by 

the laser beam during a 5 ps sputter pulse to be approximately 0.28. 

Thus, with these assumptions, the number of ground-state U atoms ejected 

with a 5 p s  sputter-pulse can be obtained by dividing the number of 

laser-generated ions from cw-sputtering by the factor 0.28. Note that 

this is different from the total number of U atoms (which are ejected as 

neutral and charged atoms, polyatomics, clusters, etc.) calculated from 

the sputter yield data. The number of secondary ions generated in such a 

sputter-pulse can easily be calculated from secondary ion count rates by 

multiplication. Given these caveats, the ratio of ground-state uranium 

atoms to ions (u"Ar/U+Ar) for Cw, Ar+ ion sputtering from u metal and u02 

are estimated from the Table I data to be 3 x LO3 and 6 x lo1, 

respectively. 

The absolute efficiency for SA/RIMS can be defined as the number of 

Us photoions detectedfl atoms sputtered. Because the optical pulse 

duration for the flashlamp-pumped dye laser was - 1 ps, the number of 
photoions produced by a single laser shot could be estimated by counting 

ion pulses on a fast oscilloscope. Approximately 100 U4 photoions/laser 

shot were produced when a 21 nA, cw Ar+ beam was used to sputter a U 

metal sample. Therefore, the absolute efficiency for the flashlamp- 

pumped laser, neglecting duty factor considerations and assuming a 
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sputter yield of 5.3 , was about 1.5 x En another independent 

experiment using the Nd:YAG-pumped dye laser, the Vf photoion signal from 

a U metal sample sputtered with a 500 ns duration, 9 nA Ar' beam was 

estimated to contain about 135 ions. The absolute efficiency for %/RIMS 

from this data, again assuming a sputter yield of 5.3 ,  was estimated to 

be 9 x These data indicate that the Nd:YAG-pumped dye laser gave 

an improvement in absolute efficiency of approximately a factor of 6 over 

the flashlamp-pumped dye laser. 

For  a similar pulse-sputtering experiment, Kimock et al. (5) 

calculated the fraction of neutrals intersected by the laser beam during 

a 500 ns sputter pulse to be approximately 0.68. If the absolute effi- 

ciency is taken as the product of the spatial overlap factor and the 

transmission/detection efficiency for photoions, then the 
transmission/detection efficiency for our instrument is about 1.3 x 10- 3 . 

The transmission/detection efficiency and neutral-to-ion ratio 

estimated above can be combined with the U' secondary ion data to perform 

a particle ejection rate comparison with the total desorbed material 

estimated from sputter yield data. Because the ionization efficiencies 

for sputtered molecular neutrals are not known, the calculation is most 

significant for U metal where U" and Uf dominate the sputtered particle 

yield. Since the population of species desorbed from U metal in turn is 

dominated by U", the sputtered U+ secondary ions can be neglected. Using 

the U+ secondary ion data from Table I (9.3 x l o 4  c/s) and the calculated 
transmission/detection efficiency, the U+ secondary ion sputter rate is 

7.0 x lo7 s - l .  Multiplying by the U"A~/LPA~ ratio estimated above, the 

ejection rate for u o  is 2.1 x 1011 s - 1 .   his compares well with the 

desorbed particle rate for a 7.5 nA Ar' beam (sputter yield 5.3) of 2.5 x 

1011 3-1. 



4 .  Conclusion 

At one time high efficiency, laser post-ionization of sputtered 

atomic species was thought to offer the possibility for quantitative 

surface analysis. Such studies performed under ultra-high vacuum 

conditions using inert gas sputtering of metallic targets showed that in 

some cases quantitative analysis could be accomplished without matrix 

effects (6). Unfortunately, these laboratory conditions do not exist for 

the analysis of all samples. The industrially generated, particulate 

emissions for many reactive metals of environmental significance are 

often not found in the metallic state; they form a variety of compounds 

through reaction with the environment. This work clearly indicates that 

the population of desorbed neutrals above such sample surfaces may not 

always be directly representative of its composition. Just as chemistry 

in the sputtering region can dominate relative ion yields in SIMS 

experiments, it may also control the relative sputtered neutral yield 

detected by RIMS. The possibility that the desorbed neutral fraction can 

be partitioned amongst a variety of species will complicate the task of 

relating laser-generated ion abundances to the actual composition of the 

sputtered surface. 
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